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Preface

The purpose of this study was to investirate the effect
of wusinp a Poisson approximation in the WARS ASSESS subrou-
tine. This approximation is a small part of the ASSESS sub-
routine which in turn 1is a small part of the WARS model.
Our aim was not to evaluate the »preformance of WARS or
ASSESS but only to study the effect of this particular
approximation. We hope that in some small way we have added

to the understanding of this important model.

We would like to thank our advisors, Maj Joseph W.
Coleman and Lt Col James N. Bexfield of the Air Force Insti-
tute of Technology at Wright-Patterson AFB, Ohio, who have
guided this study to completion. Sincere gratitude {s also
expressed to Maj Douglas Rippy and Capt Steven Schroeder for
their expert council. Finally we would like to acknowledge
the patience of our wives and families 1in this demanding
undertaking.

Steven W. VWeiss

Meil A. Youngman

! Accession For
NTIS GRA&I
.-~ DTIC TAB ]

a Unannounced O
T i ustification
T/

By
Distribution/ __

e e}

Availability Codas

]ﬂéali-and/or
Dist | Special
ii '

il




RASCRS R A IR MR AR RS A B e A Lt R ,'.','.-_'}1

Contents

T‘ Preface....‘..I..l.'.l..‘...........lll...l.....'l.l'l. 11
i-\:o
:v:‘\:.; List of Figures...l.......".'.....0.0....'.......'..'. V
o
:‘: List of Tables'.-.‘..'......'....l.....'....."........ v
ne Absttact.'..‘.'.............O.........l.....'...ll...l. Vi
NN
:'::: I Introduction.....'........'..l..‘..l...‘..l..'.‘l... 1
}.T: Backgrou“d..l.............l.....l..l.........'..I. 1
w The War Reserve Materiel Conceptesecsecesecssas 1
‘ Current Requirements Methodologyeeeeveeoeaceee 2
#J Wartime Assessment and Requirements System... 9
':'! Objectiveo........................................ 27
u:"‘{1 scope..........................0..'...'.......0.‘. 28
.ﬁi Approach and PresentationNeccescescocesscssssacocscss 29

II Description of Computer ModelsS.:cccsecsevscscssnsesee 31

(;J. APPROX computer Model...........'.......‘Q......l‘ 31
;sj EXACT Computer Model.ceoesecscososnsonsesscoccscse 42
g Verification of Computer ModelSesetecocesccssosesss S50

III Findings...-.o.oo'.lo..o...o...00.0-0........ool.o 52

:ﬁ_\ Causes Of Errorooo‘n--.coc..ooo-o.oocotooona.conon 52
\{': Type 1Etrol‘o...........................o.... 57
;:”. Type 2Ertorotooo.o.'ooo.o‘-ooono'.-noa'oo-o. 60

Sensitivity Analysisesececcoecacsccssacocscosccossssces 63

N
~ IV Conclusions and RecommendationSescesccocecoscescscscaes 68
~

"9,

*: conclusions.....’......l.'......ll..'....‘..l‘.'ll‘ 69

S RecommendationNSeesreeoessecscossoncscscesscsscsscasosssssscs 72

... Bibliography........l...l...'........l....I'O.l...."0. 7“

e

.:..':: Appendix A: Glossary..........l‘.....Q.l.‘........l... 76

f$$ Appendix B: WARS Assessment Routineecec.ceecscssssceaece 79

ooy

“; Appendix C: Program Listings..ceccesccccscccccecssesss 89
A

(:?': Appendix D: Sample CO!!'Iputer Output........-.-......... 103

"".

t::: Appendix E: Type l Error Tests....O'l.............l.l. 121

f.‘ Appendix F: Type 2 Error Tests'l'....l........I.l..... 129

e

o

e ii1

o

W ISR T T T L (L ML AP AT DAL Sa A AL P MR M O R S .-'..'~\‘~'.~-\.-'J
4 | ) . o, . NS Y N



Appendix G: Sensitivity Analysis ResultS.c.eeccecesseses 134

vitae.otoolo..unoo..0....0.00.uoQ.O.Q"...o...o.ol.oc.. 151




.' ‘- Rt § - rut il g AL AT AL AR Ol e POCAESLARTE LA DRl S RL QLR E L AL G SCREAR AL |

R

cl

if l.List of Figures
Ny 28

N

Figure Page

] \:- ,
Ay by

1-1 Basic Structure Of HWARS . e eeoesoscacssnconocssosss 11

: ,.l.‘.l

AL

—
]

~N

Parts Pipe]ine.-................-....-...-...-.. 14

»
-
'
(W3]

Hierarchial Representation of an Aircraft...eeo.. 16

f:
N 2-1 Format for Each Part in Array A, Program APPROX. 33
.:\'
N 2-2 Format for Each Part in Array A, Program EXACT.. 42

List of Tables

Table Page

1-1 Eval“ation Of “!RSK x...otoon..-o-0..00.00..000-0 6

w 1-2 Expected ¥o. of Pal‘ts Unﬂvailable...-..ooo.ocoo- 12

."-w\’\"-‘
U R ]
TS

o e
N

O |

."\".‘f { ’ I'j })“"}

s

L]
XA

.-

A

BTN
<

S

-

A TR S . - -

\ e . - - e e e e R . N e e e s e e e .
e, K, W, e -, " E . G B T e I T L N R Sy ST JEPS JIL K
bl W i VYA T VRS IR DA VR YU SUSTETA PA AT, A T Y, UL Y 2 e




B el D e MR e e i M R A e N Y |

AFIT/GST/0S/831-7

.

\\\ Abstract

The purpose of this study was to determine the relative

effect of using the Poisson approximation in the Wartime
Assessment and Requirements System (WARS) assessment subrou-
tine and to pain a better understanding of the exact error-

causing mechanisms involved.

To accomplish this two Fortran computer programs were
developed, one to compute the expected number of not mission
capable aircraft using the accurate mathematical <calcula-
tions, the other to compute the same figure using the Pois-
son approximation. These programs were used to evaluate the
approximation caused error for different parts hierarchies

and data sets.

The analysis identified two distinct causes for the
error induced by the approximation. These sources of error
were confirmed by running test cases specifically tailored
to eliminate the error-causing characteristics and noting

that no approximation error resulted.

The approximation error was found to fluctuate in sign
and magnitude for different cases. Sensitivity analysis was

performed to identify the sensitive parameters.
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THFE EFFECT OF THE

POISSON APPROXIMATION ON THE

oY WARTIME ASSESSMENT AMD REQUIPEMENTS SYSTEM
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K- ASSESSMENT RESULTS
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J)} I 1Introduction
=
hol
28N
3 Background
%,‘r
,§§ The Var Reserve Materiel Concept. In peacetine an
;J operational unit receives its required spare parts through
normal supply channels; however, during contingencies the
‘ﬁﬂ unit may be deployed to another location and be unable to
‘n,
\g: maintain its established supply lines. If the mobilization
. is 1in response to a contingency plan, logistical support is
lﬁﬁ provided through the War Reserve Materiel (WRM) propran,
:x which {8 designed to support the wartime mission until pro-
duction and airlift can ensure adequate resupply. This ini-
'
5 .H
{\ tial resupply 1is accomplished by stockpiling war materiel
.
f
“u
*ﬁ: and prepositioning a portion of it in the theatre of
~ intended wuse prior to the bepinning of hostilities (Ref 1:
-
C* ‘
o ch 1, 1).
e
;:‘ WRM 18 divided into three separate areas, lVar Peadiness
A
;f: Spares Kits (WRSK), Base Level Self-sufficiency Spares
i{ (BLSS), and Other War Reserve Materiel (OWRM). WRSK¥ is a
Ay
at,
A special catepory of WRM which is defined as:
NN
|
g
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o
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An air transportahle npackase of WX spares, repair
parts and related maintenance supplies reauired to sup-
port planned wartime or continpency operations of a
weapon or support systen for a specified period of time
pending resunply (Ref 2: Ch 14, 1CA).
Current Air Force directives normally specify a 30-day time
period without resupply. WRSKs are 2nthorized for specific
units which have weapon, support, or mobile command and con-
trol svstems, and are normally prepositioned with the using
unit (Ref 3: Ch 2, 2). Although WRM <consists of various
types of materiel such as petroleum, munitions, rations,
spare parts, and communication equipment, WRSKs contain only
mission essential replacement parts (Ref 2: Ch 14, 10A).
BLSS is similar to WRSK in that its purpose 1is also to
insure an adequate supply of spare parts for units during
wartime operations, however, unlike WRSK, "RLSS 1is a non-
mobile spares package that augments inplace operating

spares” (Ref 3: Ch 2, 1) at selected forward operating

bases. OWRM is WRM that is not included in WRSK or RLSS.

Current Requirements Methodology. The basic WRM con-

cept is easily understood; however, the actual determination
of "which parts” and "how many” to include in a WRM package
is a difficult task. The large number of variables and the
uncertainties associated with them add to the complexity of
the problem. Determining optimal gquantities is extremely
important because Iin time of war, shortages of essential
spare parts can severely degrade mission accomplishment.

Conversely, stockpiling excess aquantities or wunnecessary
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parts 1s very expensive, especially considering the fact

that the current WRSK inventory alone is valued at near $3.6
billion (Ref 4). One can easily see that minor improvements
in methodology can result in major improvements 1in nission

capability and substantial dollar savings.

WRSK, RLSS, and OWRM quantities are computed by similar

methods, so for the sake of simplicity the subsequent dis-

cussion will be limited to VRSK,

Currently the kits are built using a "WRSK candidate
list."” This 1s a unique listing for each aircraft type or
other system, which has been developed over the vyears by
users and system managers to specify which spare parts are
mission essential and are therefore authorized for WRSK,
This compilation is then used as a "shopping list” of nossi-

ble items for inclusion in the kit.

To answer the "how many of each item"” question, the Air
Force Logistics Command has developed several different
analytical technigues. Two techniques currently used are
referred to as the conventional method and the marginal

analysis method and are described below.

A WRSK built by the conventional method (called a con-
ventional kit) basically includes quantities equal to the
maximum expected shortape for each spare part for the entire

WRSK period. These aquantities are determined in the follow-




ing manner. Usine historical data, a mecan failure rate nper

. flying hour 1is <calculated for each item by dividine the
%:; total number of failures in a certain time period by the
?;g numher of flving Thours in the period. This mean failure
'Qﬁ rate is multiplied by the nunber of items per aircraft and
gt} the expected wartime Daily Flving Hour Program (DFHP) to
:% arrive at an exnected number of failures for each day. If

~
g5 no maintenance capability exists or if the ite is a non-
ﬁx reparable type, the maximum expected shortage for the period
gﬁ is simply the sum of the daily expected failures nwever,

o

if maintenance capability does exist, the number of repar-

able items repaired on each day is computed using an average

r
L]
.
iy

.~
;é repair rate (called Base Repair Cycle or BRC) and an initial
- setup time for a maintenance shop. Knowing the expected
‘3: number of failures for each day and the expected number of
J} repaired 1items each day, the maximum expected shortage can
y
" he found. This maximum expected shortage is the quantity of
'}5 that particular item included in the conventional kit. The
;'g process is then repeated for each ftem on the WRSK candidate
N 1ist for the weapon system under consideration (Ref 5: Ch 2,
: 1-2; 6: 1-8).
3% The Marginal Analysis (MA) method is designed to create
;f a new WRSK, with the "same performance” as the conventional
.
S WRSK, at a cheaper price. Performance is defined 1in terms
32 of two parameters, maximum expected WRSK shortage and max-

3

fmum expected number of Not Mission Capabhle (NMC) aircraft,

v
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hoth taken over the desired number of davs. For example, if
the VURSY neriod to be supported is 15 davs and a certian kit

is evaluated as indicated in the followiny table, then the

maximum expected number of MMC aircraft is 3.1 and the max-

imum expected part shortage is 4.2, These two figures

represent the performance of this particular kit.
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FVALUATION OF WRSK X

' DAY  EXPECTED NO. OF PARTS SNORT  EXPECTED ¥0. OF A/C NMC

\ 1 0 o

2 0 0
3 0 .7
4 1.1 1
5 2 1.3
6 2.3 1.5
7 3 2.1
8 3.2 2.4
9 4 2.9
10 4.2 3.1
11 3.8 2.3
12 3.3 2.1
13 - 3 1.9
14 2.4 1.5
15 2 1.4

Table 1~1

Note: The decrease after day 10 could be caused byv repalir
capability becoming operational or a decrease in the DFHP.

We will use aircraft for illustrative purposes although

WRSK 1is not specifically 1limited to aircraft and flying

units.

An MA WRSK is determined by first building a conven-
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tional kit and cvaluating it with respect to the shortage

and NMC parameters, that 1is, determinina the maximun
expected number of hroken aircraft and the maximum expected
number of parts short, over the period for this kit. These
parameters are then wused as lower bounds for the MA kit,
which is built from a small {nitial base, normally addinpg
items one at a time. The next item to be added is the one
that provides the preatest reduction in the parameters per
dollar spent. The reduction in expected shortage due to the
addition of a given part to a WRSK is found by assuming that
failures occur according to a Poisson probahility distribu-
tion and using expected value calculations. The reduction
in expected NMC  (E[NMC]) aircraft is found in the same
manner after making the assumption of full cannibalization
of parts. This assumption concentrates all the shortages or
failures into the minimum number of aircraft and hence sim-
plifies the nroblem. Parts which cannot bhe cannihalized are
not considered in MA, their quantities determined solely by
the basic conventional method. This process of adding the
most cost efficlent ftem to the kit is continued wuntil the
kit has the same performance as the conventional kit but at

less cost (Ref 5: Ch 3, 1; 6).

The current methodology for determining WRSK require-
ments has three inherent problem areas. The first shortcon-
inp is the treatment of cannibalization. In the present

methodology full cannibalization 1is assumed and anv part

o Oy f..fsf 15" - ,.- P .'-:.-...- o '- (O UK S AL N N \._\« -\,“I"-'-- ...\ _-- L “_‘._ et .._.._.~~.~
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which is considered “non-cannable” is not inelnded in the

optimization process. The WRSK quantities for these non-
cannable parts are determined by the conventional method.
This procedure results in the non-cannable portion of a WRSK
being sub-optimal and therefore more costly than needed (Ref

7).

A second problem is the relationship between Line
Replaceahle Units (LRUs) and Shop Replaceahble Units (SRUs).
An SRU is a component part of an LRI but because of 1{its
inaccessibility it can %e repaired only in the maintenance
shop. For example, the LRU is the main assembly or black
box which <can be replaced on the flight 1line while the SRU
is the subassemhbly or component in the black box which can
be replaced only in the shop. Currently SRUs and LRUs are
considered as unrelated parts whereas they should have some
sort of indenture relationship. An  SRU should not fail
without its corresponding LRU also failing. For examnle, if
an amplifier in a radio fails, the entire radio should also
fail. The present methodology does not take this 1into
account. The fact that LRUs are themselves a source of

parts for SRUs is also not addressed (Ref 7).

The final problem area is inclusion of a goal which
limits the number of backordered parts (called stock due out
or SDO). The MA method builds a new WRSK with the same

level of performance as the <conventional kit but at a
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cheaper price (Ref S5). The rationale behind this method is
that the same number of aircraft will be NMC because of part
shortages, but the parts short will be expensive parts
rather than cheap parts. Performance is defined in terms of
two parameters, maximum expected SDO and maximum expected
number of NMC aircraft, both taken over the URSK period
under consideration. The requirement that the MA kit not
exceed the conventional kit SDO goal is inappropriate
because an SDO goal is not an accurate measure of a WRSK's
ability to support the mission. Imposing a maximum SDO
level unduly restricts the WRSK and costs extra dollars (Ref

7).

The Air Force realized the shortcomings in the present
methodology and began development of the Wartime Assessment
and Requirements Svstem (WARS) to improve URSK and overall

WRM performance.

Wartime Assessment and Requirements System (Ref 8).

WARS 1s a mathematical optimization model used to determine
the quantities of WRM items in a kit which will yield the
best performance per dollar spent. The Air Force Logistics
Command is currently developing this model which will use a
MA method of optimization simflar to the method previously
described. The main differences are that WARS uses an NMC
goal, whereas the present method uses both an NMC goal and

an SDO goal, and that WARS can accomodate non-cannable and

l' ‘I‘\ ..
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indentured items.

The basic structure of the WARS model 1s devpicted In
Figure 1-1, For simplicity the discussion wvill be limited
to aircraft spare parts, although WARS is applicable to all
types of WRM. The required input data in block 1 includes:

General

Period covered (days)

No. of assigned aircraft

Daily Flying Hour Program (DFHP)
Maximum expected NMC goal

Individual Item Data
National Stock Number (NSN)
Parent item NSN
Hierachy position on aircraft
Type I-an SRU assigned to an LRU
Type II-an LRU assigned to a module
Type IIl-an LRU or module assigned to an engine
Type IV-an LRU or engine assigned to an aircraft
Kind of item
LRU, SRU, engine, module
reparable,irreparable
cannable,non-cannable
quantity per higher assembly (QPHA)
quantity per aircraft (QPA)
unit cost
Base Repair Cycle (RPRC)
Depot Repair Cycle (DRC)
transportation time to depot
total demand per hundred flying hours
Base Repair Rate (BRR)
Base Condemnation Rate (BCR)
Depot Condemnatton Rate (DCR) (Ref 9: 8)




1.
“.:’,
<ot PEGIN
R0

MLY% lc
Y Input Data
NN (NMC goal ,BRC,part type,etc.)

Ny
By
> l
o
4

WX 2.
3 Call PIPE subroutine
(calculates pipeline quantities)

'\';\
B l

e 3.
. ———>» Call ASSESS subroutine
) (evaluates current kit)

-"4 b.

< E(NMC) goal
Lo,

a4 reached?

A S.
] Do MA
N (find hest part to add)

- Basic Structure of WARS

Fipure 1-1.

SR This fnput data is used by the "PIPE™ subroutine in

N 11

.\ ‘-..’.. ". "- >

B L A S A TR VR R A N ORI 0 e NP UDENANAA I ST L
ALY '-f' e '} e L':L'-L}L'.L'A.Lﬂ.;l.;‘f;'-.L.'-;.Ll‘- PR VA PP PR,




e SN T S S PR A LI ST St S A L R A

block 2 to calculate the maxinun expected numbher of each
{tem “"that have been removed from the aircraft due to
failures and have not vyet been returned to a serviceable
- condition available for renlacement onto the afircraft.”
This quantity is called the "pipeline quantity” or "MU" and

is the expected value on which the probability distribution

~

¥
:_-.\ of demands 1is based. (Ref ©: 10) For example, 1if the sup-
.~ port period under consideration is ten days and the kit con-~
.

:j': tains two parts, the PIPE subroutine mipght calculate the
o

i';.r following data:

o)

A S

:-,ﬁ EXPECTED NO., OF PARTS UNAVAILARLE

ol

N

)

il DAY PART A PART B

1 Q .1

S 2 .3 .4

-"5,:

£ 3 o7 1.3

~‘

v 4 1.1 2.7
LA
et 5 .8 3.1

<
o

N 6 .7 2.6

o

B 7 o7 2,2
'_"" 8 .6 2.2

% 9 .6 2.1

ot
L0 10 .5 2.1
>
-:Z;:;'. Table 1-2
'::\_'~

-'-_'

o Note: the decreace around day four could again be caused by

the arrival of repair capability or a decrease in the DFIiiP.
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The maxinmum expected number of Part A unavailable is
1.1 which occurs on dav four, while the maxinum exnected
nunbherr of Part P unavailable is 3.1 which occurs on day
five. So the pipeline quantities or MUs for Parts A and B

are 1.1 and 3.1 respectively.

Block 3 uses the MU values calculated in PIPE to deter-
mine the expected number of NMC aircraft using the "ASSESS"
assessment subroutine, based on the present stock in the

kit. (Ref 9: 11) The PIPE and ASSESS subroutines will be

explained in greater detail later.

Block 4 checks to see if the E[NMC] goal set by the
operator is met. If so, the kit stock levels and the E[NMC)
figure are output, otherwise the MA process is performed to
determine which item should be added to the kit to obtain
the greatest decrease in F{NMC] per dollar spent (block 5).
Once this is accomplished, the kit is re-evaluated by ASSESS

(block 3) and the process is repeated.

PIPE calculates the daily expected numher of each {tem
renmoved from aircraft due to failure and not vet service-
able. MU is then set equal to the maximum of the daily

quantities for the desired period (Ref 9). Figure 1-2 depi-

cits the flow of failed parts through the "pipeline.”
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e
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f: Supposgse a certain part fails on an aircraft. It is

o

¥ renoved and enters the pipeline. Usually the part will be

_','_j repaired at base level, however a certain percentage will

0

:-:':'j require depot level maintenance. The nercentages that go to

-

~

' the base and to the depot are called the Base Repair Rate

::J': (RRR) and the Depot Repair Rate (DRR) respectively. At both

X
‘.:; the base and the depot a certain percentage will be con-

I‘¢: .

', demned. These percentages are known as the Rase Condemna-

::j:: tion Rate (BCR) and the Depot Condemnation Rate (DCR)

o, i
AOA] |
o respectively. The time required to repmair a particular item 1
‘e \
SN i
X at base level 1s called the Base Repair Cycle (RRC) and ’
A

; similarly a Depot Repair Cycle (DRC) at the depot level.

::}: Based on the DFHP and the above input parameters, PIPE cal-

o

- culates MU for each {-em.
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The cornerstone of the MA process of optimization is

the ability to calculate the E[NMC] for anv stock level in a

e
e kit. The WARS model performs this task using the subrou-
fﬁ tine ASSESS. Once the maximum pipeline quantities are
determined for each part, this information is used by the
‘:7:"
.gq ASSFESS subroutine to calculate the maximum E{[{NMC] for a
i
_L} given stock level usinpg the following expected value for-
mula:
)
.-"j
o
AN E[NMC])=0xP[0 NMC a/c]) + 1xP[l NMC a/c] + 2xP[2 KMC a/c] +
P *
LA
N 3xP[3 NM7 af/c] + ... + UEXP[UE NMC a/c] (1)
v £
;iﬁ where UE is the number of aircraft assigned to the unit (Ref
s
'{3 9: 16). Computing the above probabilities is extremely com-
| plex because of the possidbility of some parts being canni-
(o
‘Qg balized from other aircraft and the indenture relationship
i)
o betveen different parts.
N,
;:* Figure 1-3 shows some indenture relationships in a sim-
Y .
“: ple component hierarchy for a fictitious aircraft. Note
Al
1 that SRU S and SRU 6 are component parts of LRU 5 which s
:z itself a component part of module 1. Also note that the
I.~l
CaN
?: type of item is given on the line above the item. For exam-
A
N ple, SRU 5 andA SRU 6 are type I items while LRU 5 is a type
A
- IT item. Recall that type desisnations merely reflect the
\.-
ﬂ}
N indenture level of the part.
*, When discussing indenture relationships it is important
b "',
i
29
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e to understand that if an SRU such as SRU 3 has failed and no

replacement is available, its parent parts up the tree (LRU
3 and engine 1) also fail. The converse is not true. If a
parent part such as engine 1 fails, it has not necessarily
failed hecause of a failure of one of its component parts.

There are numerous pieces in an engine assembly itself

:j besides the 1lover indentured ftems which could fail. Said
another way, all the parts that make up a parent item are

1 not identified as separate components and shown on a parts

N hierarchy.

Ca, Aircraft

v

s

LRU 1 Engine 1 LRU 2

.
) 4

I1I 1

_ [ 1
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Nefore discussing the computational methodology some

additional terms need to be defined (Ref 10):

}ﬁﬁ
1-.5\
:Lﬁ higher assembly (HA)-refers to an 1{item that contains
iﬁ parts that can only be reached by taking this item
SN apart, sometimes called a parent with respect to
immediately lower parts.
s )
%ﬁ quantity per higher assembly (QPFA)-the quantity of a
:}: given part contained within each of its parent
;-}-.‘o pat‘ts.
quantity per afircraft (QPA)-the quantity of a given
’;g part contained on one aircraft.
2N
'gﬁ backorder-an unfilled demand or shortage at base level.
o
N perfectly cannibalizable part (PCP)-a part that can be
. cannibalized from one A to another and which has
L) the same OPHA on all IlAs containing the {ftem.
';q
ﬁi non-cannibalizable part (NCP)- a part that can not be
j$‘ removed 1in a serviceable condition from one air-
: craft or HA to prevent a backorder on another air-
craft. While {t may be physically possihle to
;Q cannibalize such an item, the item may bhe desig-
s nated as a NCP hecause the item would be damaged
f\ﬁ when it is removed or the time to cannibalize it
»\ﬂ is considered excessive.
\.\ -
s
imperfectly cannibalizable part (MCP)-a part that <can
o be cannibalized from one HA to another and which
lﬁ{ does not have the same OPHA on all HAs containing
X the 1item., Also called myopically cannibalizable
- national stock numbher (NSN)-a unique number by which
e each part procured by the federal government is
:?. identified.
.ﬁi unigue item-an NSN that appears in only one position in
NN the aircraft parts hierarchy.
A
= non-unique {tem-an NSN that is used in more than one
! ) hierarchial position on an aircraft.
s
l.-\3
N
4 A comprehensive list of terms is given in the glossary 1in
A
1) *'
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apnendix A.

In describing the assessment procedure the steps are
nrescented 1in the reverse of the order of occurrence. This
is done to <continuously provide the reader with the
rationale for each successive step. A detailed account of
the variables and formulas used in the assessment routine {is
included in appendix R, This general description will start
with the final answer and work backward through lower and
lower indenture levels as additional information is needed.
In the actual routine the lowest level is evaluated first
and the information obtained from it used in each successive
level up the tree until the required information 1is avail-
ahle at the top level to compute E[NMC}. The procedure will
be explained for the top indenture level but the other lev-

els are evaluated in a similar manner (Ref 9,11).

E[NMC] for a given stock level is found using the fol-

lowing steps:

l. If UE is the number of aircraft in the unit under con-

sideration, then wusing the expected value formula for

discrete random variables (Ref 12: 96)

E[NMC)=0xP[0 NMC a/c] + 1xP[l NMC a/c) + 2xP[2 NMC a/c) +

3xP[3 NMC a/c) + ... + UEXP[UE NMC a/c] (1)

2, The probabilities that a certain number of aircraft are

NMC are merely the probability function (PF) of the number

18
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, 4
.- ,‘
: of aircraft MNMZ and can easilv he calculated if the cunula-
a tive distribution function (CDF) is known (Ref 13: 60),
X Thercfore if the CDF is known the PF can be <calculated and

Y the individual probabilities used in the right side of equa-

tion 1.
r 3. The CDF needed in step 2 is obtained by conputing:
y's
P(# a/c NMC<x) = P(# al/c MMC for NCP or MCP<x) x

. P(# al/c NMC for PCP<x) (2)

X For all x=0,1,2,.,.,UE

4 The number of afrcraft NMC is the maximum of the number of

: aircraft NMC for PCP and the number of aircraft NMC for NCP

A or MCP. So symbolically:
- P(Max[Y,2)<c) = P(¥<c and 2<c) = P(¥<c) x P(2z<c) ;
3 R
\ ;

' In effect this is multiplying two independent CDFs by ele-
P ments to arrive at a resultant CDF. The CDFs are combined ;
: in this manner because the distribution of the maximum of ]
~

» the two random variables (max{Y,Z]) is required and not the

. gum (Y+2) (Ref 12: 253, 14: 310). This is true because can-

‘ nibalization can be wused to consolidate the failures onto y
o r
™ fewer airframes. Consider an example combining the follow-
-
By ing two CDFs:
-

Cd

L4

¢

4

4 19
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P(X<x) .1 )
CDF 2
X 0 1
P(X<{x) 3 o7

fultiplying elements vields the following:

RESULTANT CDF

x 0 1

P(X<x) .03 «35

Converting this CDF to a PF:

RESULTANT PF

X 0 1
P(¥X=x) .03 .32

The same answer could be obtained by

PFs,

20
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using the

following




x 0 1 2
P(X=x) .1 . b .5
PF 2
x 0 1 2
P(¥X=x) 3 4 .3

and performing the following calculations:

P(X=0) = .1 x .3 = .03

P(X=1) = .1 x .4 + .4 x .3 + .4 x .4

3+ .5 x .3

P(X=2) X
X .4

.1 .3 + .A
4+ .5 x .3 4+ .5

These results apree uvuith the resultant PF above as expected.

The CDFs are independent rather than mutually exclusive

because an alrcraft could he hroken for several different

types of parts at the same time. For example, an aircraft

could 1initially be broken for an NCP, and subseauently have

a PCP cannibalized from it. Thus the aircraft would be bro-

ken for two different types of parts.

4, At this point the procedure splits 1into
We will first trace through the procedure
the last term in equation 2 and return later

the other term on the right hand side of

21
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obtained. The stens in the first branch will be numhered
"Sa", "ka", etc. while the second branch will he numhere-

"5bh", "6b", etc.
Sa. Tracing the first branch:

P(# a/c NMC for PCPEx) = P(# a/c NMC for PCP 1¢x) x

P(# a/c NMC for PCP 2&x) x

P(# a/c NMC for PCP lastgx) (3)

For all x=0,1,2,...,CE

The CDFs on the right side of the equation are again
independent, and it 1s the maximum of the random variables
which is of interest using the same logic as in step 3

above.

At this point only the top indenture level parts are con-

sidered and only PCPs.

6a. Each of the probability expressions in equation 3 can

he calculated by the formula

P(# a/c NMC for PCP i x) = u e (&)

v=0

Apain for all x=0,1,2,...UE

22
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if it is assumed that the number of NMC aircraft for any PCP

i{s Poisson distributed and the mean 1s ¥nown for each part.
Since the CPF in equation four is of finite length, WARS
adds the »probabilities in the far tail of the Poisson dis-
tribhution into the last interval wused. ASSESS currently
assumes a Poisson distribution but it will bhe able to use

the Negative Rinomial distribution in a later version.

7a. The "u" or TOTMU values for each PCP used in eauation 4

are determined by using the formula:

TOTMU = AMU + AWP (5)

where AMU is the "actual MU"” or expected vpipeline quantity
for the part calculated by the PIPE subroutine and AUWP is
the nunber "awaiting parts” or unavailable due to a lack of
lower indentured parts. The AYP figures for each part are
the only results of the calculations for a lower indenture

level wused in the next higher level. All items with no
subassemblies have an AWP figure of zero. For the top level
there 1s only one AWP figure and is called E[NMC], the

number of aircraft awaiting lower indentured parts.

Sb. Returning to step & and tracing the bhranch for the

other term on the right hand side of equation 2:

23
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4
';:f
$ P(# a/c ¥MC for NCP or MOPEx) =
o) x
L VE n UE-n
E(:mc for NCP or :mri] E—P(N.“!C for MNCP or rcv] (6)
. n
. n=0
] A CDF is obtained hy using this binomial formula for
.::. x=0,1,2,...,UE, For the top indenture level there is only
:; one HA, the aircraft itself, and hence one CDF. For 1lower
?
levels there will be a CDF for each HA in that level and UE
~
~
QN in the equation will be replaced by the quantity of each LA
143
B
) in the fleet.
&
0~ 6b.
"
’-:
k- P(NC for NCP or MCP) = 1-[P(all NCP avail.) x
'\ P(all MCP avail.)] (7)
»
4
N 7b.
P(all NCP avail.) = P(lst NCP avail.) x
P(2nd NCP avail.) x
-
‘.} .
-E P(last NCP avail.) (8)
{
Z
»
9
,
4
',
2 24
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P(all MCP avail.) = P(lst MCP avail.) x

“
LY
b
-

-

s
s
s g

P(2nd MCP avail.) x

4y
.

P

P(last MCP avail.) (9)

8b. In equation 8 1f all parts have unique QPHAs:

expected shortages(1{) OPHA(L)
P(ith NCP avail.)=]|1~ (10)
quantity of part { in fleet

with
stock level + aqty on fleet

expected shortages= (x-stock level) P(x demands) (1l1)

x=stock level

and P(x demands) determined from the total pipeline quantity
in equation 5. The bracketed expression in equation ten
will never be negative because the expected shortage <can
never exceed the quantity in the fleet.

If there are some multiple QPHA parts, equation 10 becomes

slightly more complex.

In equation 9:

expected # of HAs missinpg items
P(ith YCP avail.)= 1- (12)
total # of NAs of part i

25
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The numerator in equation 12 can bhe found if the PF is

known. The PF can be calculated since the PF of the nunmbher
of demands is known and the number and OQOPHA of each HA is

known. AGSESS assumes all MCPs are cannibalized first from

the HAs with the greatest quantity finside.

The PFs of the number of demands used in eaquations 11
and 12 all need the TOTMUs from eaquation 5. Therefore the
AYP result, or E[NMC], of the top level depends solely on
the AMUs provided by the PIPE subroutine and the AWP

results of the next lower level.

The preceding assessment methodology makes the follow-

ing approximations (Ref 15,16):

1. The probability distributions are reset to Poisson

from one 1indenture level to another as explained
below.

2. The backorders of a nonunique item have a Poisson
distribution in each hierarchy position with that
stock number.

3. The probabhility distribution of HAs awaiting parts
due to shortages of NCP or MCP is binomial.

It is the first assumption which is of 1interest. For
each part i, the WARS assessment routine calculates the PF
(actually the CDF) of the number of parts AWP and uses it to

compute a mean AWP (frequently called Expected Rack Order

26




(rLPnY)., Adding the mean of this AUP distribution to the

mean of the pipeline aquantitv for part i in equation 5
results in a combined mean which is used to gencrate a Pois-
son distribution for its parent part. This Poisson distri-
bution is used as an approximation of the true distribution.
The demands of the subassemblies of part I are Foisson bhut
when the stock level of the subassembliés are taken into
account the backorder distribution may not be Poisson. Com-
bining subassembly backorder distributions results in an AWP

distribution for part i that may not be Poisson.

The correct wavy of combining the AWP and the AMU PFs to
pet a TOTMU PF is as follows:
P(TOTMU=0) = P(AWP=0)xP(AMU=0)
P(TOTMU=1) = P(AUP=0)xP(AMU=1) + P(AWP=1)xP(AMU=0)
P(TOTMU=2) = P(AWP=0)xP(AMU=2) 4+ P(AWP=1)xP(AMU=1)

+ P(AWP=2)xP(AMU=0) (13)

Objective

This PoissonSapproximation of the number of demands of
a parent part, when carried through several indenture lev-
els, may induce a significant error in the final L[NMC] figp-
ure and could therefore degrade the ability of ASSESS to

evaluate the performance of a kit. Since the optimal kit

27
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huilding capabilitv of WATS hinpges on the abilitvy to accu-
ritely evaluate kit performance, the effect of this aporoxi-

mation is obviously an important area to investigate.

AFLC/XRS has made a cursory check of most of the
approximations wused in the assessment routine but the check
was only made for one relatively small parts hierarchky (Ref
15). The Poisson approximation was always evaluated in con-
junction with other approximations and was never evaluated

separately.

The objective of this study is not to evaluate how well
WARS builds optimal WPM packages nor is it to evaluate how
well its assessment routine can determine a kit's nperfor-
mance. Rather, the purpose of this thesis is to investigate
the effect of resetting the demand probability distribution
of every IlIA to a Poisson distribution at each indenture
level. The approximation's effect on the WARS assessment
results will be evaluated for a variety of conditions to

determine its sensitive parameters.

Scope

Although several apporoximations are made in the assess-

ment routine, the Poisson approximation will be the only one

investigated. In order to eliminate the effects of the
other approximations on the results, this study will be lim-

ited to fully cannibalizable, wuniaue parts with unique

28
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2
‘%{ QPHAs. If non-cannibalizahle parts were allowed, the effect
‘:: of apnroximation 3 would also be included 1in the results.
o, If non-unique parts were allowed, approximation 2 would
50

" affect the results. Likewise, if narts with several dif-
EN ferent OQPHAs were allowed, the results would apain be
e affected by approximation 3.

X\

é: The WARS model builds ontimal packapes for WRSK, BLSS,

and OWRM, Since differences between these kits are incor-

N

j: porated into the part pipeline quantities, our study will
)

ﬂ encompass all types of WRM.

} Approach and Presentation

N

]

-

:’ To evaluate the effect of the approximation two com-
A puter mnodels were developed. One model, called APPROY,
_} evaluated a package of parts using the WARS »procedure with
s

E' the Poisson approximation. The other model, called EXACT,
» evaluated a package of parts using exact probabhility calcu-
L

»" lations. Roth models output the demand probability distri-
‘.

LY

$ butions at each hierarchial position as well as the final
— E{NMC] figure.
&: To determine the effect of the approximation, the sanme
;i data was input to both models and the differences noted. By
Q constructing different aircraft hierarchies and using dif-
32 ferent part data, sensitivity to the following characteris-
<,

< tics was evaluated:

L
.
)
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- depth of indenture of the parts hierarchy

- 5A to 1A ratio for higher lecvels

- stock level of cach part

= QPHA of each part

All numerical results are included 1in apprendices F
throupgh G, and summaries of the results are presented in

chapter three in tabular form.
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11 Nescription of Computer Prorrars

In order to auickly and accuratelv calculate the effect
of the Poisson approximation for different pineline quanti-
ties, stock levels, and hierarchial structures, two computer
propgrans were develoned. The first program, called APPROX,
uses the same computations and Poisson approximation as the
WARS ASSESS subroutine. The other program, called EXACT,
uses similar computations but calculates the exact probabil-
ities by not using the approximation. Both programs evalu-
ate backorder PFs for each part in the aircraft parts
hierarchy assuming all parts are cannibalizahle, all parts
are unique, and no parts have multiple CPHAs. The two pro-

grans are descrihed helow.

APPROX Computer Progran

APPROY evaluates a certain parts hierarchy one part .at
a time beginning with the lowest indentured parts, evaluat-
ing an entire indenture level before moving up to the next
level. It does this by storing all data and probability
distributions in a three-dimensional array called "A". Fig-
ure 2-1 illustrates the array format used to store each
part's information. This fipgure will be used later to thelp
explain the logical steps of APPROX. The actual APPROX pro-
gram and a listing of computer variables used in the program

are included in appendix C.
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The following is a list of definitions of the acronvnms

vweed in Fipure 2-1:

A - three-dimensional data and probability arrav.

AMU - A variable denoting the basic mean pipeline aquantity
for an item, excluding AWP. Also called "actual mu” or

MU,

APPROX =~ propram which calculates approximate E[NMC].

AVP - A variable denoting the expected numbher of 1items

"awaiting narts.’

BO - backorder.

CDF - Cumulative Distribution Function

DISTL - desired length of probability distributions in array

A.

EBRO - expected number of backorder.

EXACT = program which calculates exact E[NMC].

HA - Higher Assembly.

MU - pipeline quantity from which the Poisson distribution

is penerated. Used interchangeablvy with AMU,

PF - Probability Function.
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Hﬁi PUP ~ nosition of a subassemhlv under a parent ftem, for

.'-"‘v_.

;’” example, if a parent item has two subassembhlies(5A),

LY

‘5& the first SA will have a PUP of 1 and the =second SA
'

AT

Q\ will have a PUP of 2.

YNy

47

. QPHA - Quantity Per Higher Assemblv. This is the number of

ifﬁ each item on its respective higher assembly,

%?

M SA - Subassembly,

-

}?j SL - stock level for a specific nart.

- ij

s TOTMU - A variable denoting the total expected pipeline

A4

jﬁﬂ quantity for an item. It is equal to AMU + AWP,

-

AN

{Q: Type (of an item) - The type of an item refers to its inden-

‘¢‘ ture relationship as follows:

fi' 4 = An LRU or engine attached directly to the aircraft.
o

-

e 3 = An LRU or module attached to a tvpe 4 item.
]

2% 2 = An LRU attached to a module.

AR

L.

:2 1 = An SRU attached to any LRU.

: - ’i
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:r: Format for FLach Part in Arrav A
AN
LY
£ Progran APPROY

{

el

\‘:‘

\:_-

=

AN For
2 Part i| O 1 2 3 4 5 6 7 .« « . | DISTL
N 1 Type| #SA{QPHA| MU | SL | ua#| puP
o 2 ——— SA #1 BO CDF —>

e 3 é—— SA #2 RO CDF ——>

L 4 €é—— sSA #3 BO CDF —

e 5 ¢—— SA #4 BO €DF —>

‘ 6 &——— S5A #5 BO CDF —m—>

Z:Sj 7 — AWP CDF _

.d

1

Ae 8 — AWP PF _

2

— 9 AWUP| TOTMU

[y

i 10 ¢«—— TOTMU PF —>

(Y}

- 11 €&—— TOTMU CDF

= 12 — RO CDF —_

“a 13 — RO PF —

N

:_. 14 Var| FRO| Var

0y Mean

T Figure 2-1

'~' Referring to Figure 2-1, for each part in the hierarchy
::i: the following tasks are accomplished in APPROX:
I‘:J

:, 1. Multiply lines 2 throuph 6 (colunn bv column) and
\.‘ store the results in line 7. This converts the RO CDFs for
%
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211 subassenblies of this part intoe an AUP ~DPF for thkis

nart.

2. The AYP CDF (line 7) is converted to an AWP PF

(line 8).

3. The expected numnher of parts AWP {s calculated from

the AVP PF (line 8) and stored in line 9 column 1.

4, Th expected number of parts AP from step 3 is
added to the expected pineline quantity for this part (AMU)
from line 1, column 4, and the result (TOTMU) is stored in

line 9, column 2.

5. TOTHU from step 4 is used as the parameter to gen-

erate a Poisson TOT!IU PF which is stored in line 10,

6. The TOTMU PF is converted to a TOTM] CDF (line 11).

7. The TOTMU CDF from line 11 is adjusted for stock

level and QPHA to yield a BO CDF for this part (line 12).

8. The RO CDF (line 12) is converted to a RO PF (Jline

13).

9. The variance, mean, and variance to mean ratio for
the B0 PF are calculated and stored in line 14, columns O

through 2 respectively.

10. The RO CDF (line 12) is transferred to its vparent

part to be used as a subassembly BO CDF in step 1.
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These same 10 steps are done for each part, but thev must
be done for the tvpe 1 (most deeply indentured) parts first.
After all type I parts have been processed, the tvpe II
parts are considered, and so on throueh the higher part
types. The highest part type in WARS is type IV, but for
the purposes of the APPROX program the aircraft itself is

considered a tvpe V part and is processed last.

To better understand the 10 steps above, an example 1is

nresented. Consider the parts hierarchy shown below and 1its

associated parts data:

Lﬁj
N M &

PARTS DATA

Part OPHA MU Stock

H 1 1 2
A 1 1 0
B 2 2 1
c 2 1 0
The computations start with the *,, I parts A, B, and

C. For part A there are no subassemhlies so the subassembly

RO CDFs are
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X 0 1 2 3 4

P(#8B0Kx) 1.000 1.000 1.000 1.000 1.000 . ., .

Multiplyine them columnuise in step 1, vields an AWDP CDF of
x 0 1 2 3 4

P(#ANPLX) 1.000 1.000 1.0n0 1.000 1.000 ., . .

In step 2 the AWP CDF is converted to the following AVP PF:
x 0 1 2 3 4

P(#AWPx) 1.000 0.000 0.000 3.000 0,000 . . .

Step 3, the expected numher of parts AWP is calculated to be

0.
Step 4, TOTMU = AMU + AWP = 1 + 0 = 1,

Step 5, using TOTMU = 1, the following Poisson TOTMU PF 1is
generated:
x 0 1 2 3 4

P(#demands=x) .3679 «3679 .1839 .0613 .0153 . . .

Sten 6, the above PF is converted to a TOTMU CDF:

x 0 1 2 3 4

P(#demands{x) .3679 .7358 .9197 .9810 .9963 . . .

Step 7, since stock = 0 and QPHA = 1, the RO CDF is identi-
cal to the TOTHU CDF:
x 0 1 2 3 4

P(#BOLX) «3679 .7358 .9197 .9810 .9963 . . .
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3

I\

:1,'.' Step 8,
P\

X

P(#RO=x)

Step 9

Sten 10,

nine onl

Ly A T e N T O T N N L S N

the BO PF is then:

0 1

to
(V%)

3679 «3579 .1839 ,0613

Variance =1
Mean or EBO = 1

Variance to mean ratio = 1

the BO CDF calculated in step 7 will be the distri-

bution used in the calculations for part H.

Steps el

y need to be accomplished for the aircraft

For part B, the results of the steps are:

Step 1

x 0 1 2 3
P(#AWPLX) 1.000 1.000 1.000 1.000
Step 2

x 0 1 2 3
P(#AWP=x) 1.000 0.000 0.000 0.000
Step 3, AUYP = O,
Step 4, TOTMU = AMU + AWD = 2 + 0 = 2,
Step S

b 0 1 2 3

P(#demands=x) .1353 .2707 .2702 .1805

3R

but are performed for each part for analysis reasons.

1.000 .

0.000

.0902

ght and

ftself,




»
.

A

Step 6
X 0 1 2 3 4

P(#demandsg{x) .1353 JA066 6767 .8571 .9473 . , .

Step 7, since the stock level = 1 and the QPHA = 2, the RO

CDF 1is

x 0 1 2 3 4
P(#BOgx) L4060 .8571 .9834 .9989 .9999 , , .,
Step 8

b 0 1 2 3 4
P(#B0=x) L4060 .4511 .1263 .0155 .0011 . . .
Step 9 Variance = .5442

Mean or EBO = ,7546

Variance to mean ratio = .7211

Sten 10, the FO CDF from step 7 will be used in calculations

for part H.

For Part C

Steps 1 through 3 again yield the same results as ahove.

Step 4, TOTMU = AMU + AWP = 1 + 0 = 1,

Step 5
X 0 1 2 3 4

P(#demands=x) .3679 3679 .1839 .0613 .0153 . . .
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Step 6

X

P(#demandsgx)

Step 7,

X

stock

P(#ROEx)

Step 8

p 4

P(#R0=x)

Step 9

Step 10,

.....

0

3679

level

0

.3679

0

.3679

Variance =

Mean

Variance to mean ratio =

1

.7358%

9
&

9197

0 and QPHA =

calculations for part H.

Now,

1 2
.9197 .9963
1 2
.5518 .0766
.37990
or EBO = ,7162

type II1 parts are considered.

For part H

Step 1,

x
P(#A
P(#B

P(#C

P(#H AW

P Pt

g

using

BOKX)
BOECx)
BOLx)

N

PLx)

I'-'.- o, ~ -~

the subassembly

0

.3679

.4060

<3679

.0549

1
.735¢8
8571
.9897

.5800

PO CDFs previouslyv calculated:

38

.9012

40

L9810

SO

3

9999

3

.0036

again the RO CDF from step 7 will be

3

.9810

.9989

.9999

92799

5292

4
.9963 ., . .
4
1.000 . ., .
4
.0001 L] L] L)
used in the

4

.9963

«9999

1.000

9963

\ =
s

~~~~~
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Sten 2

x 0 1

P(#11 AWP=x) .N549 «5251

Step 3, AWP = 1,4885,

Step 4, TOTMU = AMU + AWUP =

]
<

.3212

1.0 + 1,4885 =

Step 5

X 0 1 2
P(#demands=x) .0830 .2066 «2571
Step 6

x 0 1 2
P(#demandsg{x) .0R30 .2897 .5468
Step 7

x 0 1 2
P(#Bosx) .5468 «2133 .1327
Step 8

X 0 1 2
P(#RO=x) «5468 .2133 «1327
Step 9 Variance = 1.4466

fean or EBRO = ,8612

Variance to mean ratio

In this example there are no type III,

so the EBN of part H is the desired result.
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ENACT Computer Progpgram

The EXACT computer propram is also included in anpendix

T. This program is similar to the APPROX program and uses

the same computer variahles previously listed for APPROX.

Figure 2-2 shows the arrav format for EXACT. Note that
it differs from the APPROX format only on line 9, where the

AWP and TOTMU figures are replaced by the AMU PF.
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Format for Fach Part

Prorcramn LXACT

Ty

in Arrav A

[N

those

by the following two steps:

For
Part 1| 0 1 2 3 4 5 5 7 « o o | DISTL
1 Typel #SA|lOPIA] MU SL HA#{ PUP
2 é——— SA #1 BO CDF —
3 é———— SA #2 RO CDF —m
4 é——— SA #3 BO CDF —>
5 é—— SA #4 BO CDF ——
6 Yoo, é6——— 5A #5 BO CDF —>
7 &— AWP CDF —
8 €«— AWP PF —_—
9 &— AMU PF _—
10 é——— TOTMU PF —_—
11 é———— TOTHU CDF —_—
12 — RO CDF -—_—
13 &— BO PF —_—
14 Var] ERO| Var
Mean
Figure 2-2
The computational steps used in EXACT are similar to

in APPROX except that steps 3 through 5 are replaced

Step 3.5 - The Poisson AMU PF 1is penerated from the AMU
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parameter in line 1, column & and stored in line 9.

Step 4.5 - The AMU PF (line 9) and the AUP PF (line R)
are comhined as mutually exclusive cevents to get a resultant
TOT*U PF, The probabilities of all possible combinations
are added together to ret the probability of a certain
number of demands on the nparticular part for any reason
(such as missing subassemblies or the part being broken
itself). These combinational probabilities are calculated
as follows:

P(O0 demands) = P(0 A™MU) x P(O AVP)

P(l demand) = P(1 AMU) x P(0 AWP) + P(0 AMU) x P(l AWP)

Usineg the same data and parts hierarchy as 1in the
APPROX exannle, the <calculations were repeated using the
EXACT method. Once again, the example starts with tvpe 1
parts A, B, and €. For part A there are no subassemblies so

all the subassembly BO CDFs are as follows:

Step 1
x 0 1 2 3 4
P(#BOKX) 1.000 1.000 1.009 1.000 1.000 . . .

and multiplying by columns yields:
x 0 1 2 3 4

P(#AWPLX) 1.000 1.000 1.000 1.000 1.000 . .
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Step 2, converting the AYP CDFs to a PF:

x ¢] 1 2 3 4

P(#AUP=x) 1.000 0,000 0.000 0,000 0.000 . ., .

Step 3.5, generating a Poisson AMU PF with an AMU = 1:
X 0 1 2 3 4

o P(#demands=x) .3679 .3679 .1839 .0613 L0153 . . .

Step 4.5, combining the AMU PF and the AWP PF:
e P(TOTMU=0) = P(AVWP=0)xP(AMU=0)= 1.0 x .3679 = ,3679,

L P(TOTMU=1)

P(AWP=1)xP(AMU=0)+P (AUP=0)xP(AMU=1)

IS
[

(0 x .3679) + (1.0 x .3679)

d
P

«3679

S S
e
L}

‘s
o
1,4, ¢
P

N x 0 1 2 3 4

-~ P(fdemands=x) .3679 .3679 .1839 .0613 L0153 . . .

O Step 6, converting this PF to a CDF:
x 0 1 2 3 4

- P(#demands{x) .3679  .735%  .9197  .9810  ,9963 . . .

:“S Step 7, adjfusting this CDF for a stock level of 0 and a QPHA
" of 1 pgives:

N x 0 1 2 3 4

N
;ﬂ P(#BOLx) 3679 .735¢8 .%9197 .9810 «9963 . . .
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£

J.
we,
o
l.“-.*
:}} Stern B, convertinp it to a RO PF:
ave
iii x 0 1 2 3 4
e P(#RN=x) 3679 .3679  .1839  .0613  .0153 .
.f:-.::'
£
SN Step 9 Variance = 1,0
Mean or ERO = 1.0
Variance to mean ratio = 1,0

Step 10, the BO CDF in step 7 is transferred to parent

H for use in its calculations.

For part R the step results are as follows:

Step 1
X 0 1 2 3 4
P(#AWUPLX) 1.000 1.000 1.000 1.000 1.000 .,
Step 2
x 0 1 2 3 4
P(#AUP=x) 1.000 0.000 0.000 0,000 0.000 .
Step 3.5, generating a Poisson AMU PF for AMU = 2:
x 0 1 2 3 4
P(#demands=x) .1353 .2707 .2707 «1805 0902 .,
Step 405
,., x 0 1 2 3 4
\.
}ﬁ P(#demands=x) .1353 .2707 2707 «1805 .0902 .
A
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4

013

DAl S LA S 2 A AA

.......

~ Step 6
A % 0 ] 2 3 4
h P(fdemands{x) .1353  .4060  .6767  .8571 L9474 . .

Ak#%

»

ﬁﬁ Step 7, adjusting for a stock level of 1 and a OPEA of 2:
X o 1 2 3 4
oy
o P(#R0OKx) 4060 .8571 L9834 .9989 .9999 , , .,
4
Step 8, converting to a PF:
x 0 1 2 3 4
P(#R0O=x) 4060 «4511 .1263 .0155 .0011 . . .
Step 9 Variance = ,5442
Mean or ER0Q = ,7546
Variance to mean ratio = .7211
Step 10, transfer the RO CDF in step 7 to part il.
For part
Sten 1
X \ 1 2 3 4
P(#P0Zx) 1.000 1.000 1.000 1.000 1.000 , . .
Step 2
x 0 1 2 3 4
P(#BO=x) 1.000 0.000 0.000 0.000 0.000 . . .
47
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Step 3.5, rencratine a Poisson AU PF with AY( = 1:
'Y 0 1 2 3 4
P(#demands=x) .3679 <3670 .1839 .0613 L0153 . . .
Step 4.5, TOTHU PF:
|
x 0 1 2 3 4 |
P(#demands=x) «3679 <3679 .1839 .0613 L0153 . , .
Step 6, TOTMU CDF:
b4 0 1 2 3 4
P(#demandssx) .3679 «.7358 .9197 .9210 .9963 . , .

Step 7, adjusting the CDF for stock level of 0 and a QPHA of

2:

X 0 1 2 3 4
P(#R0OCxX) .3679 .9197 9963 .9999
Step 8, RO PF:

x 0 1 2 3 4
P(#R0=x) «3679 .51°% .0766 .0036
Step 9 Variance = ,3790

Mean or EBRO =

7162

1.000 . . .,

Looolr Lo, .,

Varfiance to mean ratio = .5292

Step 10, transfer the RO CDF from step 7 to part H,

Now lI, the type II part, is considered.
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{ 7]

._:: Step 1

}f' x 0 1 2 3 4

i

o P(#A BOCX) 3670 7358 ,9107  .9R10  .9963 . . .
f§£ P(#P BOCX) .4060  .e571  .9834  .9989  ,9999 ., ., ,
- P(#C ROSX) .3679  .9197  .9963  .9999  1.000 . . .
- P(#H AWPSx)  .0549  .5800  .9012  .9799  .9963 . . .

RARA
A

-“. /- -l. '.‘ .

A
)
...

Step 2, AWP PF:

b 0 1 2 3 4

»

DY

O
‘> &
“‘

N A

‘-A'L LR W N

P(#AWP=x) 0549 5251 3212 .0787 L0164 . .

i,
%

Step 3.5, generating a Poisson AMU PF with AMU = 1:

&

x 0 1 2 3 4

2,

R ININR -
-’.-“l.l * "ol

P(#demands=x) .3679 .3679 .1839 .0613 +0153

Y
“ 2

Step 4.5, TOTMU PF:
N x 0 1 2 3 4

. P(#demands=x) .0202 <2134 «3214 .2471 .1271

Step 6, TOTMU CDF:
" x 0 1 2 3 4

P(#demands{x) .0202 <2336 «5550 .8020 .9292

A Step 7, adjusted CDF for stock level of 2 and a OPHA of 1:
et X 0 1 2 3 4

N P(#ROLX) «5550 .8021 .9292 .9787 .9945 , . .
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Step 8, BO PF:

r x n 1 2 3

4
A
o P(#R0=x) 5550 .2471  .1271  .0496  .0157 . . .
5
I
N Step 9 Variance = 1.059

Mean or FBO = ,7422

XY .Variance to mean ratio = 1.427

3

’ Step 10, transfer to parent of !, if there was one. There

is no parent so the desired result is the EB0O of part H.

- In this simple parts hierarchy, both the EBO and the
)

W)
; ) variance of the part H BO PF were increased bv using the
")

(: Poisson approximation. The ERN was 1increased 167 (from
~ «7422 to .8612) and the variance was increased 36.67 (from
= 1.059 to 1.4466).
.I';

Sample computer output for the above example is

-

5- included in appendix D for both programs.
Y

W)

- Verification of Computer Models
B .:.,
_E To insure APFROX and EXACT function correctly the per-
'i formances of each individual subprogram and the total pro-
L

s gram were evaluated.

-

i

N The FACT function was checked to insure it produced the
)

3

22 proper factorials over the entire range of positive
) 50
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intecers. The results of the CEMPF subroutine were checked
against tabhulated Poisson values for several “Us. The
conversion subroutines PF2CDF and CDF2PF, the adjustment
subroutine SHIFTL, and the combining subroutine COMRYN were

also checked for proper operation.

The overall operation of the programs was checked by
comparing the computer output with hand calculated data for
the simple sample nroblem in this <chapter. The programs
were also run for the examples given in various AFLC/XRS
reports (Ref 9,15)., All results agreed to at least four

decimal places.
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I11 Findings

The analysis was conducted in two parts. The first
part was to determine what actuallv causes the errors in the
Poisson approximation and to verifv the conclusions drawn by
constructing parts hierarchies and data sets which produced
no error. The second part of the study examined the sensi-

tivity of the errors to different paramenters.

Causes of Error

To determine the exact source of the approximation
error many different data sets were run through both the
APPROX and EXACT conmputer programs, Most <cases exhibited
some error but in some cases no error was observed. An in

depth analysis resulted in the following conclusions.

The Poisson approximation 1initially preserves t he
correct mean but can distort the variance of the TOTHU PF.
The distorted variance can subsequently {induce errors for

the following two reasons:

1. The approximation may assume a different variance for
the TOTNU PF than it actually has, and when shifted for
stock level and QPHA, it distorts the true mean (this
error does not occur when the part has a stock level of
zero and a QPHA of one because no shiftineg of the TOTMU

PF takes place). This error is referred to as type 1

52




error in this renort.

2. Also as a result of the Poisson apnroximation, the RO
PF¥s may have more or less variance than thev should
(whether shifted of not). When the BO CDFs for SAs are
transferred to their HA and multiplied column bv column
to get an AWF CDF for the HBA, the mean is again dis-
torted by the incorrect variance even if the means or
EROs were correct to start with. (This error does not
occur when there is only one SA per HA, hecause no mul-
tiplving of BO CDFs by columns takes place. In this
case, the HA AWP CDF is simply the SA R0 CDF.) This

error is referred to as type 2 error is this report.

It should also be pointed out that no error is ever
induced for tle parts at the very tips of the hierarchial
tree. Pecause all parts are assumed to have a Poisson dis-
tributed AMU and the tip parts have no SAs, both APPROX and
EXACT carry the same distributions up the tree to the first

HAs. It is then at this 1level that the error is first

introduced.

To show that the Poisson apnproximation preserves the

correct mean but can distort the variance, consider the fol-

lowine two PFs as an examnle.
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A I e e

- A% AU PF

~' X 0 1 2

2 P(¥=x) .6 «3 .1

-
S ® L B m s A% ) M EEER e s S A

for this PF mean = .5 and variance =.45

PR T PN

AN AVP PF ]

x 0 1 2 3

P(X=x) .1 .3 iy o2

sy

ALAAMNAARPLP

el B

for this PF mean =1.7 and variance =.81

Using the APPROX method of combining PFs the means are
N added to get a mean of 2.2 from which the following Poisson )

PF is generated.

Fy

RESULTANT APPROX TOTMU PF

0 1 2 3 4 5 oo )

®

ol l,.l.;' -

P(X=x) .11 24 $ 27 .20 .11 .05 .o

for this PF mean =2.2 and variance =2.2

b~ VA Sl
am s o

FIRR 5525

54

MednTh AT W R A AEMA . A &AM .4 _a

A 4
«te's 2 8 8 ¥

&

N S5

. --\-‘ WA A AT A e N .'-%~. ..,.. S g N S N L LR SR .."-.'.‘.. - ._ .‘ . ...' R VA O SN N P S



-y w Sl iy, vVavr.,. v . T W -
e R I 2A B e DAty 2ie AR ACLAALS A LA E AL AV S A RERIE RV MERMES A

&
'J

]
~

TR

. .'. ¥
ANV

csine the EYACT method

.".l .
] ‘;".

P{(¥=0) = .6 x .1 = .05

]
.
(V8 )

o P(X=1) Xx .1 + .6 x 3 = 21
P(X=2) = ;1 x .1 + .3 x .3 + .6 x .4 = .34
P(¥=3) = ,1 x .3 + .3 %x .4 + .6 x .2 = ,27

P(X=4) = ,1 x .4 + .3 x .2

.10
P(X=5) = .1 x .2 = .02

which yields the following PF:

RESULTANT EXACT TOTMU PF

x 0 1 2 3 4 5
P(X=x) .06 .21 +34 27 .10 .02

for this PF mean =2.2 and variance =1.26

This example illustrates that the approximation c¢ives

the same mean but distorts the variance.

Working a similar example in general terns using the

follouing two PFs:

'
“
"N
Q-\
N PF 1
X 0 1 2
P{(X=x) A R C
mean = B + 2C
%
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AR EALARACAL N M SR P,

i PF 2
o e
! X 0 1 2
..::\:
.:ﬁ.: P(X=x) a b c
i.a"
i mean = b + 2¢
[
\..\
Y
4 “
Y]
h it
Using the APPROX method of combining PFs the means are
‘:&- added to ret a mean of B + b + 2C + 2c.
NN Using the EXACT method
.;1;': P(X=0) = Aa
e
-,:.:{i P(¥X=1) = Ab + Ba
DY P(X=2) = Ac + Rb + Ca
’-l
?‘E; P(¥=3) = Bec + Cb
4
> P(X=4) = Cc
"' from which the following expression for the mean is obtained
o Ve
:'. using expected value:
AT
.:-;:- Mean = Ab + Ra + 2Ac + 2Bb + 2Ca + 3Bc + 3Ch + 4Cc
..f....
> Since
e
S A+8B +C=1 and a+ b+ c =1
‘ it follows that
\
-— A=1-B-2¢ and a=1+-1b - ¢
[
i
.rt:« Substituting these values into the above equation for the
o
N
4 mean vields
P
&4 Mean = R + b + 2C + 2¢
<
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g
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The exprressions for the APPRNY and EXACT means are the

’
¢ ..

sane, demonstratine that the mean is initially preserved

Yl
s

‘4
RPN

with the approximation.

&

A4 4"
R
ShHLMH

Type 1 Error. To illustrate the type 1 error caused by

the shifting of a TOTiIU PF for stock level and OPHA, con-
sider the demand distributions given below for a certain
part. Both PFs have the same mean, but the first PF has a

larger variance, such as could have heen induced bv the

approximation.

APPROX TOTMU PF

X 0 1 2 3 4
P(X-x) 2 2 03 2 .1
mean = 1.8 variance = 1,56

EXACT TOTMU PF

x 0 1 2 3 4
P(X=x) o1 .3 <35 o2 .05
mean = 1.8 variance = 1.06

If the distributions are adjusted for a stock level of one,

the BO PFs are:
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APPROX BO PF

o e
.
-
P
<
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[

a2

with mean = 1 and variance =1

EXACT BO PF

L x 0 1 2 3 4
. : P(X=x) o4 «35 .2 .05 0
o)

3 with mean = .9 and variance = .79

In this case shifting the distribution for a stock level of

»

one results 1in the approximation giving a high mean and

9
_-0:.

N preserving the inflated variance.

. If the original distributions are ad justed for a (QPHA
o
A/

; of two, the BO PFs are:
4,
W
S
v, APPROX RO PF
25 X o 1 2 3 4
P(X=x) 2 5 3 0 0

with mean = 1.1 and variance = .49

0 VSRR - I
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with mean = 1,15 and variance = .33

In this
results

ing the

If

of two and a stock level of one, the BO PFs are:

with mean = .7 and variance = .41

with mean = .65 and variance = .33

EXACT pO PF

b4 0 1 2 3 4

P(xgx) .1 «65 «25 0 0

case, shifting the distribution for a OQPHA of two
in the approximation giving a low mean and preserv-

inflated variance.

the original distributions are adjusted for a CPHA

APPROX RO PF

x 0 1 2 3 4

P(X=x) b «5 .1 0 0

EXACT BO PF

P(X=x) b «55 .05 0 0
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In this final case, shifting the distribution resunlts in the
approximation giving a high mean and preserving the inflated

variance.

This example shows that the distorted variance caused
by the Poisson approximation induces an error in the mean,

and that this error can be understated as well as over-

stated.

According to the explanation of type 1 error, any
single~level parts hierarchy having an HA with a QPHA of 1
and a stock level of zero should have no error 1induced,
regardless of the AMU of the HA or the AMUs, stock levels,

or OPlHlAs of the subassemblies.

This hvpothesis was tested with several different data
sets, and there was never anv error observed. lowever, when
any stock level was included for the JA, or the OPilA was
changed from one, errors resulted. Percent error was used
to measure both mean and variance error and was calculated
using the following formula:

APPRQOY results - EXACT results

Percent error =
EXACT results

The data sets used and the results are included in appendix

E.

Type 2 Error. To illustrate the type 2 error caused by

transferring RO CDFs for SAs to their respective YA, con-
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sider the demand distributions given below for a certain
nart. Roth PFs have the same nmcan, but the first has a
larper variance, such as could have heen induced bv the
anproximation.
APPROY BN PFs for 2 SAs
x 0 1 2 3
P(X‘X) -2 04 o2 2
with mean = 1.4, and variance = 1.04
EXACT 80 PFs for 2 SAs
x 0 1 2 3
P(X=x) .1 5 3 .1
with mean = 1.4, and variance = .64

Comhining
1.
2.
3.

vields the

R I e e
-«

o

'..."\('I’ '-'_

the two RO PFs in each case by

converting the PFs to CDFs

squaring the cumulative probabilities in each column

converting the resultant CDF back to a PF

following AWP PFs for the HA:

APPROX AWP PF for HA
X 0 1 2
P(X=x) .04 .32 .28
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By with mean = 1.96, and variance = .84
!

..\7‘:

.-‘

%
;-_.‘-' EXACT AWP PF for HA

X 0 1 2 3

T~

Ny P(X=x) .01 .35 .45 .10

o

o

-

with mean = 1.82, and variance = ,55

s

T ;

\ﬁ This example shows that the inflated wvariance initially
A

o

vf caused by the approximation can distort the mean in later
- calculations.

- ’:

"'a

&)

.:.\

s To test the type 2 error hypnthesis, multiple indenture
i: level hierarchies with one SA per HA on all but the lowest
-z

3

¢: level were run. Apain a QPHA of one and a stock level of
T

f: zero for all parts were used to prevent any tyne 1 error.
ﬁ& As expected, no error was recorded until more than one SA
\ -

}2 was associated with an A, ahove the lowest level. The
“f results of this test are included in appendix F.

‘_ }‘
S5

o It can therefore be concluded that whenever an HA has
(o

tﬁ nonzero stock level or a QPHA not equal to one, or the
.k; hierarchy has more than one SA per HA above the lowest level
e )

o
A in each branch, error mav he induced.

;‘n
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2
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Sensitivity Analysis

Sensitivity analysis was performed to study the effect

of the following parameters

on the Poisson aporoxination

error:
- depth of indenture of the parts hierarchy
- SA to UI'A ratio for higher levels
- stock level of each part

- QPHA of each part

To check the effect of increasing depth of indenture,

four different

parts hierarchies were constructed, ranging

from a

"single-level” model to a "four-level"” model. To

insure that the change in the error was due only to increas-

¢ ing depth of indenture, the same basic part data was used in

each additional level. The hierarchies, part data sets, and

results are included in appendix GC. A sumnary of the

results is shown below.

ERROR OF THE MEAW ys.r~.
THE POISSON APPROXIMATIULN

Depth of Set 1 Set 2

Indenture 7 error 7 error
single-level 0 0
two-level 1.4 -7.6
three-level 3.3 -15.2
four-level 5.0 -22.3

The results supgest that the magnitude of the error in the
mean for the Poisson anproximation increases with increasing

depth of indenture. This is expected since deeper indenture
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increases the number of opportunities for tvpe 1 and tvpe 2

error to occur.,

To evaluate the effect of SA to VA ratio, four dif-
ferent parts hierarchies wvere constructed. These hierar-
chies all had two levels of indenture and had constant SA to
YA ratios ranging from two to five (for example, for a con-
stant SA to HNA ratio of three, each HA in the hierarchy
vould bave three SAs). These parts hierarchies were all run
for four different data sets. The hierarchies, part data
sets, and results are included in appendix G. A sumnaryv of

the results is shown below,

ERROR OF THE MTUAXN USIHC

THL POISSON APPROXIMATIOM
SA to HA Set 1 Set 2 Set 3 Set 4
Ratio % error 7 error Zerror Jerror
2 1.5 -7.6 2.8 -6.7
3 3.2 -6.9 6.2 -8.7
4 5.0 -5.6 8.6 -10.0
5 6.8 -3.8 10.5 -12.0

The results suggest that the error in the mean for the Pois-

son approximation can move in either direction with increas-
ing SA to HA ratio. This is probably due to the fact that
as the SA to HA ratio increases tvpe 2 error tends to don-
inate. Depending on whether type 2 error is positively or

negatively 1inclined, the <error moves in the plus or minus

direction.

To study the effect of different comhinations of stock
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level an? C(CPiI'A on the error, the percent error was calcu-

lated for each combhination using three different hierar-

!
\3-;' chies. The actual results are included in appendix C, and a
w0
\i: summaryv of the results is shown below.
~$x
3
-{"{ For the first hierarchy and data set:
!".'-‘
X
Z ERROR OF THE YEAN USINC TUE POISSON APPRNXIMATION

[y Stock QPHA
_{:: Level 1 2 3
5\7 0 4,90 6.8 5.0
e 1 =~ L.6 6.0 5.9
2 C R 3.9 3.2
e 3 -15.2 =~ ~1.3 2.8
W 4 -16.4 =97~ .3
e 5 -8.7 -.7 -~ ~ .06
08 =
'\':-:: For the second hierarchy and data set:
20
oy
‘\.'
\ 7 ERROR OF TUE MLAM USINC THE POISSON APPROXIMATION
o Stock QPHA
-:::; Level 2 3
o 0 1.4 2.2 1.8
oy 1 1.2 2.1 1.7

2 T~y 3.6 1.7
} 3 '1 .. =~ —~— 08 .9
K. 4 -2.8 - < .1 b
'a:‘.l —
o
Y
A
) For the third hierarchy and data set:
A
h‘.::
o
RN
A.
X
o
o) 65
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7 ERPOR NF THE MEAN USIMG THE POISSON APPPOXIMATION

Stock OPIA

Level 1 2 3
0 3.2 5.5 5.0
1 =~ 5 4.3 4,2
2 -3.67 —~ - 1.6 1.3
3 -5.2 T~ 2 .6
4 -3.3 -2~ .1

The lack of monotonicity In the above results makes 1t
difficult to arrive at snecific conclusions. However, there
are general trends present in all three cases which mav shed

some light on the problem. In all cases there seems to be:

a. A general decrease in positive error (not nmnagni-

tude of error) with increasinpg stock level

bh. A general increase in positive error (not magni-
tude of error) with increasing OPHA (in the low

stock level/high QPHA sectors this does not hold).

Co. A peneral cancelling of errors hetween the two
factors as evidenced by the negative errors in the

high stock and low QPHA sectors, and by the

minimum errors occurring roughly along the indi-

'
o
.l al

cated diagonals.

Y L3 f »
"l. ‘l":"-. ¥

s d. The errors of hierarchy two are generally less

than the errors of the other two hierarchies.
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IV Conclusions and Recommendations

The WARS function of building optimal WRM kits is
extremely important. Stocking insufficient quantities could
severely degrade the ability to successfully fight a war,
while stocking excess quantities or unnecessary parts 1is
very expensive in holding and opportunity costs. This 1{is
graphically portrayed by the fact that a WRSK for a single
24 aircraft A-10 squadron costs in excess of $8 million (Ref
17). The ability of WARS to build optimal kits is dependent
on 1ts ASSESS subroutine being able to accurately evaluate
the performance of different parts packages in the marginal
analysis process. Since ASSESS uses the Poisson approxima-
tion, wunderstanding and evaluating its effect is of utmost

importance.

Evaluating the effect of this approximation is
extremely difficult because of the infinite number of possi-
ble hierarchy, MU, stock level, and QPHA combinations, and
the interaction of the above parameters. Several specific
hierarchies and data sets can easily be evaluated, but using
induction to extrapolate this limited set of results to the
general case i1s dangerous., Another uncertainty is the real-
ism of the samples evaluated. All parts hierarchies used
were fabricated since the part indenture relationships

required are not currently available for operational air-
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craft. Determining the effect of an approximation without

actual data is a formidable problem, nevertheless, from this

,~
.
b A deuelnenina.

study the following conclusions were drawn:

AP

Conclusions

(Note: Mean error means the error of the mean not average

<.
: error.)
B -
i 1. Mean error usually is induced when the Poisson
approximation is used.
2. The approximation initially preserves the correct
' mean but can distort the variance of the part's
N
¢
3 demand probability function.
3. The distorted variance of a part's demand proba-
i bility function can induce errors in the mean in
’ subsequent computations.
. 4, The errors in the mean can be caused by two dis-
N tinct processes:
‘
Type 1 - distortion of the mean when a PF 1is
- shifted for sgtock level or QPHA because the
- approximation may assume a different variance
- for the TOTMU PF than actual. (this error
g does not occur when the part has a stock
y level of zero and a QPHA of one because no
\ shifting of the TOTMU PF takes place).
)
+ Type 2 - distortion of the mean when the BO
{ CDFs for SAs are transferred to their HA and
X multiplied column by column to get an AWP CDF
z for the HA, because the Poisson approximation
distorts the variance 4f the BO PFs (This
k. error does not occur when there is only one
? 69
- ... -...-'. . ~’- ". -":'_ L] .-' - _:.. . -..-‘ ._.....-~.‘.'_ ....-( . -“—-'_.- SR .‘..--_ -._ > > AT ~..:.‘ AN ~‘. .“ ‘-‘. ~\.\¢:.".\, '\4"..'.‘.'\ .q. \“\ -.'.-.-



o N A e e ot A N A S Y T

SA per HA, because no multiplying of BO CDFs
by columns takes place. 1In this case, the HA
AWP CDF 1is simply the SA BO CDF.)

As a result of type 1 error, an error may be
induced whenever stock level is more than zero or

QPHA is greater than one for any parent part.

As a result of type 2 error, an error may also be
induced whenever the parts hierarchy is such that
an HA has more than one SA (excluding the bottom

level).

If neither of the above conditions in conclusion 5

or conclusion 6 are present, no error will result.

Both mean and variance error vary in sign and mag-

nitude from case to case.

Mean error seems to 1increase in magnitude with

increasing depth of indenture.

Mean error seems to increase or decrease monotoni-
cally with increasing SA to HA ratio, depending on

the sign of the original type 2 error.

The interaction of stock level and QPHA makes it
difficult to arrive at specific conclusions. How-
ever, there are general trends present in all
three cases which may shed some light on the prob-

lem. 1In all cases there seems to be:
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A general decrease in positive error (not

magnitude of &error) with 1increasing stock

level

A general increase 1in positive error (not
magnitude of error) with increasing QPHA (in
the low stock level/high QPHA sectors this

does not hold).

A general cancelling of errors between the
two factors as evidenced by the negative
errors in the high stock and 1low QPHA sec-
tors, and by the winimum errors occurring

roughly along the indicated diagonals.

The errors of hierarchy two are generally
less than the errors of the other two hierar-
chies. This suggests that minimally inden-
tured hierarchies 4{induce 1less error than

heavily indentured hierarchies.

error created may not be critical to

WARS/ASSESS because:

There may be some cancelliug of errors, both
between type 1 and type 2 error as well as

between the errors caused by the other

approximations used in ASSESS.
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Most actual aircraft parts hierarchies have a
small percentage of their parts indentured to
higher assemblies (Ref 8,18). Because of
this characteristic, the approximation errors

are diluted somewhat and tend to be smaller.

Ce. ASSESS is only used in the marginal analysis
process to evaluate the increase in perfor-
mance due to adding one part to a kit rela-
tive to another differeni part. Since both
kits evaluated would be the same kit except

for a few different parts, they would most

likely suffer from similar errors and the
methodology would probably still be able to
pick the part, which {f added, would increase

performance most per dollar.

Recommendations

Although this study produced only a limited number of
specific conclusions, it 1is hoped that the data computed and
the general conclusions presented aid in the further wunder-
standing of this 1important approximation. To build upon
these results, the following areas for further study are

suggested:

1. In the future, when 1indentured information 1is

available for operational aircraft, it would be
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valuable to run actual hierarchies and parts data

through the APPROX and EXACT programs and analyze

the results.

2. Similar studies should be undertaken analyzing the

effects of the other approximations used 1in
WARS/ASSESS.
3. The combined effects of the three approximations

should be examined in detail.

4, Since WARS will have the capability to wuse nega-
tive binomial distributions for each part's AMU
distribution instead of Poisson, the study should
be repeated for this distribution. The Polsson
distribution is a special <case of the negative
binomial with the variance to mean ratio equal to

one, so sensitivity to the variance to mean ratio

should also be evaluated.
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Appendix A

Glossary (Ref 10)

AMU - A variable denoting the basic mean pipeline quantity
for an item, excluding AWP. Also called "actual mu.”

Assessment - In this report, assessment is the <calculation
of the expected NMCS, total expected backorders, and
probability distribution of NMCS based on a specific
stock level.

Availabiblity - The probability that a randomly selected
item is not backordered.

AWP - A variable denoting the expected number of 1items
j "awaliting parts.” This quantity is computed by the WARS
d assessment routine.

Backorder(BO) - An wunfilled demand or shortage at base
level.

BLSS kit - Stock of "“Base Level 3elf-sufficiency Spares”
designed to meet the additional requirements for spare
parts, above normal peacetime requirements, when a war
starts.

Cannable - Interchangeable with cannibalizable.

Cannibalizable item - An item which can be borrowed from an
aircraft that already has a backorder to prevent a
backorder on another aircraft. The extra maintenance
time required to cannibalize a part is not considered,

i@ so an item which takes an excessive amount of time to

,ﬁ cannibalize should be <considered non-cannibalizable.

Cannibalizable is synonymous with cannable.

CDF - Cumulative Distribution Function

Combined probabilities - This refers to calculating the pro-
- bability distribution of the sum of probability distri-
butions for two mutually exclusive random variables.
For example, denoting two random variables by A and B,
and the probability of x demands for A by p(A = x), the
probability distribution of the sum of demands for A
and B i8 calculated as follows:

- P(A+B=0) = p(A=0)p(B=0)

. p(A+B=1) = p(A=0)p(B=1) + p(A=1)p(B=0)
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Cumulative probability - The probability of O through x
demands, since only discrete, non- negative distribu-
tions are considered.

DFHP - Daily Flying Hour Program. The planned number of
hours a unit will fly each day of a contingency.

Demand - Demand is interchangeable with "pipeline quantity”
and failure.

Depth of Indenture - refers to the number of 1levels {in a
parts hierarchy. The more levels in a parts hierarchy,
the greater the depth of indenture.

EBO - Expected number of backorders. If the item under con-

sideration is the aircraft itself, EBO is equivalent to
E[NMCS].

E{NMCS] -~ Expected number of NMCS aircrafrc. Also called
E[NMC]} in this report.

Failure - Failure is interchangeable with demand and “"pipe-
line quantity.”

HA - Higher Assembly.

Hierarchy diagram - A diagram showing the indenture rela-
tionships for all positions on the aircraft. For each
item, this indenture relationship 1lists all higher
assemblies that must be taken apart to reach this item,
and all lower indenture items, or parts that can only
be reached by taking this item apart.

Hierarchy position - The location of a part on the hierarchy
diagram. A hierarchy position describes the location
of only one stock number, but there may be more than
one unit of the stock number in the hierarchy positon
if its quantity per aircraft is larger than one. A
stock nuamber will have more than one hierarchy position
(and will be called a non-unique 4item) 1if it is
atttached to more than one parent item on the aircraft.

Higher assembly (HA) - An item that contains parts that can
only be reached by taking apart this item. Sometimes
called a "parent” with respect to immediately 1lower
parts.

Imperfectly cannibalizable part (MCP) - An item that is con-
sidered <cannbalizable but does not have the same quan-
tity per higher assembly on all higher assemblies.
Also referred to as "myopically cannibalizable”.
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Indenture - The concept of determining which items must be
taken apart to reach a given part. An item is top
indenture if it can be removed directly from the air-
craft, regardless of where it is attached to the air-
craft. A lower indenture part can be reached only by
taking apart the item to which it is attached.

Individual probability - the oprobability of exactly x
backorders (or other demands).

Kit - A stock of spare parts built for use at a single squa-
dron, regardless of whether the stock consists of a
WRSK, a BLSS, or normal peacetime supplies.

Lovwer indentured item - A part whcih can be reached only by
taking apart an item to which this part is attached.

LRU - Line Replaceable Unit. An item which can be removed
and replaced on the flightline. It contains one or
more lower indenture items.

MA - Marginal Analysis.

MCP - Imperfectly cannibalizable, myopically cannibalizable,
or imperfectly cannable part.

MU - pipeline gquantity.

Myopic cannibalization - Same as imperfect cannibalization.
NCP - Non-Cannibalizable Part.

NMC - Not Mission Capable, used interchangeably with NMCS.

NMCS - Not Mission Capable due to Supply. - An aircraft
missing parts is called NMCS, but a spare part can only
be AWP {f it has lower items backordered. Previously
called NORS (Not Operationally Ready due to Supply).

Non-cannibalizable part (NCP) - An item that cannot be
removed in a serviceable condition from one aircraft to
prevent a backorder on another aircraft. While it may
be physically possible to remove such an item, the item
may be designated NC because the item would be damaged
vhen 1t 18 removed or time to remove it is considered
excessive. )

Non-unique - A stock number that is used in more than one
hierarchy position on an aircraft.

NSN - National Stock Number.
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Parent item - The next higher assembly directly above an
item in an indenture relationship.

PCP -~ Perfectly Cannibalizable Part

Perfectly cannibalizable part (PCP) - An item which is con-
sidered cannibalizable, and which has the same quantity
per higher assembly on all higher assemblies containing
the item.

PF - Probability function.

Pipeline quantity (MU) - The number of units of an item that
have been removed from aircraft and are not yet in a
serviceable condition at the base ready to be replaced
on ailrcrafet., This includes parts that are avaiting
base maintenance, in base maintenance, awaiting parts
at the base, awaiting or in transportation to the
repair depot, awaiting maintenance at the depot, in
maintenance at the depot, and awaiting or in transpor-
tation to the base. Demand, failure, or backorder may
be used as a substitute for expected pipeline quantity.

Probability function (PF) - The set of the individual proba-
bility of each possible outcome for a discrete random
variable.

QPA - Quantity Per Aircraft. This is8 the number of each
item on one aircraft.

QPHA - Quantity Per Higher Assembly. This is the number of
each item on its respective higher assembly,

SA - Subassembly.

SDO ~ Stock Due Out. The total number of parts on
backorder.

SRU - Shop Replaceable Unit. An item which can be reached
only by removing the LRU containing the item from the
aircraft and disassembling the LRU.

Stock Level - the initial number of each part available to
replace failed parts. For WRSK and BLSS it is the
quantity included in the kit. For peacetime operation
it 1s the quantity in base supply.

Stock number - Interchangeable with NSN.

Subassembly (SA) - A part indentured to a higher assembly.

TOTMU - A variable denoting the total expected pipeline
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quantity for an item. It is equal to AMU + AWP.
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Type (of an {tem) - The type of an item refers to its inden-
ture relationship as follows:
4 = An LRU or engine attached directly to the aircraft.

.

" o

& 3 = An LRU or module attached to a type 4 item.
’. 2 = An LRU attached to a module.

T 1 = An SRU attached to any LRU.

UE = Unit equipment.

Unit equipment (UE) - The number of aircraft assigned to a
unit.

Unique item - A stock number wused in only one hierarchy
position.

WARS - Wartime Assessment and Requirements System.
WRSK - War Readiness Spares Kit. A kit of spare parts to be
taken with a wunit in wartime, designed to support that

unit for a specified period without outside maintenance
support.
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Appendix B

The Assessment Routine (Ref 9)

This section discusses the assessment routine as it is

used in WARS ASSESS. First, some terms need to be defined:

Item types:

Type 1 - an SRU assigned to an LRU.
Type II - an LRU assigned to a module.
Type II1 - an LRU or module assigned to an
engine.
Type IV - an LRU or engine assigned to an
aircraft.
Stages one through four of the computation cover Type

I through Type IV items respectively.

i = present item considered, in squadron S on day t.

It may be n stages denoted:
i = jtem which will not be cannibalized.
n
i = jtem which is perfectly cannibalized.

pec
i = jtem which is imperfectly cannibalized.
mc

H(1) = higher assembly for item 1.

h) = quantity of { in an H({).

J = maximum quantity of 1 in any H(1) =

J[H(1),S,t]).

K = quantity of H(i) considered at a certain step
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in the process.

MU[{(1,S,t)] = MU(1) = expected number of assets of
item 1 accounted for at the end of day t in squadron §
(basically equals the number of demands that must be filled

by base stock to prevent backorders).

p(x,MU[{1,5,t]) = p(x,MU[1]) = probability of x assets

accounted for, given an expected number of MU[i,S,t].

A(i1,S,t] = A[{1] = number of assets of {item {1 con-
sidered at the end of day t in squadron S (basically equals

the number of serviceable items in base stock).

N[j,H(1),S,t] = N[},H(1)])] = number of H(i) that con-

tain J of item 1 at the end of day t in squadron S.

N[>j,H(1),85,t] = N[>3,H(1)] = number of H(i) that con-
tain between j and J of item i at the end of day t in squa-

dron S.

N[H(1),S,t])] = N[H(1i)] = total number of higher assem-
blies considered in this run.

This may include some higher assemblies without itenm
i, or N[O,H(1)]., Normally the, number of higher assemblies
congidered will be the number installed on all aircraft in

the squadron.

EBO[1,S,t] = EBO[{1] = expected number of backorders of

item i in squadron S at the end of day t.
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oo Q(H(1),S,t] = Q[H(i)] = QPHA of item 1 on H(i).

F[K,1,S,t] = F{K,i] = probability that K units or less
Aﬂl of H(1) are missing item i at the end of day t in squadron

S, assuming i1 i{s perfectly cannibalizable.

O P{K,H(1),S,t]) = P{K,H(i)]) = probability that K units
b of H(1) are missing one or more i items at the end of day
L v LN

t in squadron S.

vy
Besa
}k qf1,5,t] = q[i] = expected proportion of units of H(i)
-~
é:t’ that are not missng any of item i at the end of day t in
- e
f L
t squadron S, assuming i1 1s non-cannibalizable.
3 }."\
\;;'.
':i: C[K,i,S,t] = C[K,{] = probability that K units of H({1)
AP
Al are missing item { at the end of day t in squadron S, assum-
{:g ing that 1 is imperfectly cannibalizable, and where canni-
N
7
qﬁ balization consolidates the failures onto the smallest
~,°
A -’.
e, number of H(i).
90
iéJ M{H(1),S,t] = M[H(1)] = expected number of H(i) miss-
N
.
?: ing one or more of item i at the end of day t in squadron S,
B assuming i 1is imperfectly cannibalizable.
\'..r::
o
S
{;& gl1,5,t)] = g[(i] = expected proportion of units of H(1)
.’1,..
fo 5, that are not missing any of ftem i at the end of day t in
{ﬁ squadron S, assuming i {s imperfectly cannibalizable.
2!
ALY b[H(4),S,t] = b[H(i)] = the probability that a random
3.
ifé unit of H(1) 1s missing any i or im items at the end of
$:{ n c
. ,\'-
Jﬁs 81
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day t in squadron S.

AP o

-

: B[K,H(1),S,t) = B[K,H(i)] = an approximate (binomial) I

probability that K units of (1) are missing one or more in

C

or 1 at the end of day t in squadron S. 4
me b

O(K,H(1),S,t] = H[K,H(1)) = An approximate probability

that K units of H(Li) are down (or NMCS) at the end of day t

o & A 55

in squadron S.

E[H(1),S,t] = E[H(i)] = the expected number of  units

LAl AADS,

of H(i) down (or NMCS) at the end of day t in squadron S.

- 4
ﬁ The procedure to be used in the example below is as }
- ]
vf follows: Steps a through d are performed once, at the
beginning of the run, for all items. Each stage of the com-

» putation starts with step e.

" Step a. Partition all items into the categories ipc ,
$; 1, and 1 .

, n me

<

- Step b. For each item, input A[i].
s Step ¢. For each item, determine N[j,H(i)] for all
)

», appropriate j.
([
‘ L]
& Step d. For each item, compute N{H(1)] -E;)Hj,ﬂ(i)].

B i
» It is best to include j = O for those H(1i) that could
: contain { but do not. Then, N{H(i)] will be the same for
o 82
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all lower indentured items i with in the same H({i).

MG

rAP

1ii&:

Step e. For each item in this stage, compute MU[i].

»

Q; Actually, an “"initfal MU" will be calculated for each item
%
~
" at the beginning of the run. Ths “"initial MU" 1is the
o

expected pipeline quantity for the item, assuming no shor-

tages of lower indentured items and no stock of this item.

In stages 2,3, and 4, the "final MU", or MU[i] as used
here, will equal the "initial MU" plus E[H(1)], which 1is
calculated for item i in step p of the previous stage. This
means that MU[i] is equal to the expected pipeline quantity
incluaing shortages of lower indentured items. For example,

supppose 1 in stage 2 and H(1) in stage 1 refer to item L1,

and the “"initial MU" for L1 is 0.5. This means that an
'l average of 0.5 units of L1 have been removed from the afir-
craft and have not yet been returned to a serviceable condi-
" tion at the base, excluding those wunits of L1 that are
{3 repaired but missing lower indentured parts, because of
? shortages. Assume that these lower indentured parts are

SRUs S1 and S2 with MU[S1] = 0.5 and MU[S2] = 1.0. Also

'E assume that {in stage 1, E[L1}] is found to be 1.3, meaning
-3 that the failures of an average of 0.5 + 1.0 = 1.5 units of
Ei S1 and S2 can be consolidated onto 1.3 units of Ll. Assum-
32 ing that the failures of L1, excluding those awaiting lower
:; indentured parts, are not consolidated with the units of L1
3
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that are awaiting lower indentured parts, MU[L1] = 0.5 + 1.3

d 1.8-

Step f. For each item in this stage, compute expected

backorders, or

(o o]
EBO[1] = z (x - A[1]) p(x,MC[1]) <1>

x=A[1)
Actually, the expected backorders do not need to be
computed for cannibalizable items unless that data is needed
for the objective function or for other evaluation purposes.

A more efficient formula may be used for computer implemen-

tation:
o
EBO[i] = }Z (1 - p(x,MU[1))
x=Al1)

In this formula, the upper limit may be replaced by
A[i] plus the number of parts installed on all the aircraft
in the squadron.

Step g. For each { item, compute:

pc
A[1]) + K-Q[H(1))
F(K,1] = z; p(x,MU[41]})) <2>
x=0
for K = 0,1,2,...,(N{H(L) ~ N[O,H(1)])

Step h, For each { item, compute:
n

B4
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q(i] = zg N[j,H(1)] [1 - EBO[i] j <3>
N[H(D)] > J-N[I,A(D)]
i 3

Step 1. For each 1 item compute C[K(1i)] for all K =
mc

0,1,2,¢0., (N[H(1L)] - N[O,H(1)]):
A[i] + J - K
for K¢ N[J,H(1)], C[K,i] = E; p(x,MU[1])
x=0
for N[J,H(i)] < K § N[J}-1, H(1)],
A[L1) + J - N[J,H(4L)] + (J-1)(K-N[J,H(1)])
CIK,1] = z; P(x,MU[1])
x=0
for N[YJ-1,H(i)]) < K & N[YJ-2,H(i)],
A[1])+Je N[J , H(L)J+(IJ-1)N[JT-1,H(L))+(I=2)(K-N[J,H(i)})

Cl[K,1] = 2 p(x,MU[1])

x=0

for N[2,H(1)] < K & =N[31,H(D)],
A[L]+3- N[J,H(L)]+eeot2 N[2,H(L)]+1(K-N[D2,H(1)])
CIK,1] = Z p(x,MU[1])

x=0

In other words, this means to calculate the cumulative

probability of 1less than or equal to K units of H(i) down
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for all relevant K, assuming that cannibalization <consoli-

dates the failures onto the smallest possible number of

H(i). This happens by cannibalizing in order from the H({i)

containing the most i to the least 1.

Then,
N[H(L) - N[O,H(1)]
M{H(1)] = 2 K(C[K,1] - C[K-1,1])
K=1
Compute:
g[i] = 1 = M[H(L) / N[H(i)] <4>

Step jJ. For all 1 4items in each H(i), compute:
n

n ¢ ] <5>

The q values are from formula <3>.

Step k. For all i jtems in each H(i) compute:
mc

M elt 1 <6>
mc

1

mc

The g values are from formula <4>.

Step 1. For each H(1i) compute:
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b[H(1)] =1 -] aqlt }- T st ]
n mc
1 i

n mc
Step m. For each H(i), compute binomial probabilities
for all K = 0,1,2,...,N{H(1)]:

K x N[BR(1)])-x

B{K,H(1)] =<NIN[H(i)]! b{H(4)] (1-b[H(1)]) <>
22(N[ﬂ(i)]-x)!x!
x=0
Step n. For all K = 0,1,2,...,N[H(1)] compute for
each H(1):

PIK,H(1)] = TI F[K,1 ] <8>

pc
i

pc

The F values are from formula <2>.

Step o. For all K = 0,1,2,...N[H(1)] compute for each

H(1):
OIK,H(1)] = (B[K,H(1))(P[K,H(1)]) <9>
Step p. For each H(1i) compute:

N[H(1)]}
E[H(1)] = z K(O{K,H(1)] - €[K-1,H(1)]) <10>

K=1

Formula <10> 1is the number of H(i) expected to be down

due to lack of 1lower indentured items. Actually, in an
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operational implementation, a more efficient formula would

be used:

L]
}-“’:, N[H(1)])=-1
e E[H(1)] = N[H(1)] - z O(K,H(1)]

K=0

u? At the end of stage 4, the value of E[H(1i)] 1is the

experted number of NMCS aircraft, since H(1i) is now the air-

5
«3: craft. If desired, the total number of expected backorders
e L

is:

}', }2 EBO[{1]. All results apply to squadron S at time t.
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Appendix C

Program Listingg

Note: The programs are written in FORTRAN 77 and can be run for any
data set by simply changing the DATA statement and the NPARTS parameter
throughout the programs. A list of computer variables used follows the
two program listings.

PROGRAM APPROX

RAKRARRARKRRARANARKRKARRRRARARARRRRRARKARARARARRARRARARNRARA AR AR AA
* THIS PROGRAM CALCULATES THE APPROXIMATE E[NMC] AND INTERMEDIATE *
* DEMAND AND BACKORDER DISTRIBUTIONS FOR A SPECIFIED PARTS *

* HIERARCHY AND STOCK LEVEL *
RARRRARRARAARRRRRRRRRRANARRRRARRRARRARARRRRARKRARRAARRRARKAXARRAAAK

INTEGER P,L,C,TYPE, BLOCK,NPARTS,DISTL

CHARACTER*40 MSG(1:20)

PARAMETER (NPARTS=3,DISTL=27,BLOCK=6*(NPARTS+1)*(DISTL+1))
REAL A(O:NPARTS,1:14,0:DISTL)

COMMON A

DATA ((A(P,1,C),C=1,7),P=0,NPARTS)/

+ 5,1,1,0,0,0,0,

+ 4,3,1,1,2,0,1,

+ 3,0,1,1,0,1,1,

+ 3,0,2,2,1,1,2,

+ 3,0,2,1,0,1,3/

+ (((A(P,L,C),P=0,NPARTS),L=2,7),C=0,DISTL)/

+ BLOCK*1.0/

+ MSG/'O/TYPE/#SA/QPHA/MU/SL/HA#/PUP','SA 1 BO CDF',

+ 'SA 2 BO CDF','SA 3 BO CDF','SA 4 BO CDF','SA 5 BO CDF',
+ 'AWP CDF','AWP PF','VAR/AWP/VAR TO MEAN RATIO/TOTMU',

+ *TOTMU PF','TOTMU CDF',

+ 'BO CDF','BO PF','VAR/MEAN/VAR TO MEAN FOR BO,TOTMU,& AWP',
+ "®k%k&% ERROR *##x%' 'IMPROPER PART TYPE IN DATA',

+ 'NEGATIVE VALUE IN DATA','> 5 SA PER PARENT PART',

+ 'HA¥ > NPARTS','PUP > PARENT''S #SA'/

* ECHO PRINT DATA AND ERROR CHECK
PRINT*,'INPUT DATA'
PRINT#*
PRINT*,'PART TYPE
DO 10 P=0,NPARTS

WRITE(*,5)P,(A(P,1,C),C=1,7)
5 FORMAT(I5,7F6.1)
IF (A(P,1,1).GT.5.0 .OR. A(P,1,1).LT.1.0) THEN
PRINT* ,MSG(15)

#SA QPHA MU SL  HA#  PUP'

89

N4 " >, W A A AN .-. cet A T T T P e e e e A ‘;-' Tty A e e




o

f‘_:

by PRINT*,MSG(16)

) END IF

. IF (A(P,1,2).GT.5.0) THEN

PRINT* MSG(15)

2 PRINT* ,MSG(18)

o END IF
<o IF (A(P,1,6).GT.NPARTS) THEN

& PRINT* ,MSG(15)

PRINT* MSG(19)

N END IF

o IF (A(P,1,7).GT.A(A(P,1,6),1,2)) THEN
o PRINT* MSG(15)

3 PRINT* MSG(20)

~ END IF

DO 20 C=1,7

oo IF (A(P,1,C).LT.0.0) THEN

N PRINT* MSG(15)

o PRINT* ,MSG(17)

- END IF

. 20 CONTINUE

- 10  CONTINUE
o PRINT*
2 * STEP THROUGH INDENTURE LEVELS FROM LOWEST TO HIGHEST LEVEL
£ DO 40 TYPE=1,5

* FOR EACH PART, IF IT IS THE TYPE BEING CONSIDERED, PERFORM CALCULATIONS

‘o DO 50 P=0,NPARTS

2 IF (A(P,1,1).EQ.TYPE) THEN
\ l"

Q * COMPUTES AWP CDF FOR PART

v DO 60 C=0,DISTL

. DO 70 L=2,6

- A(P,7,C)=A(P,7,C)*A(P,L,C)
o2 70 CONTINUE
- 60 CONTINUE

. * CONVERT AWP CDF TO AWP PF

A CALL CDF2PF(P,7,8)

v

- * COMPUTE AWP AND VARIANCE; ADD AWP TO AMU

- * IF PART IS THE AIRCRAFT THEN CALCULATE AWP AND
-2 * AWP VARIANCE AND GO TO THE END OF THE LOOP
o IF (TYPE.EQ.S5) THEN
P CALL CALEBO(P,8,14,1)
[.: CALL CALVAR(P,8,14,0)
P GO TO 40
b \; ELS E
P CALL CALEBO(P,8,9,1)

' A(P,14,15)=A(P,9,1)

IF (A(P,9,1).6T.0.0) THEN

5 CALL CALVAR(P,8,9,0)
W,
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"éc A(P,14,14)=A(P,9,0)

A A(P,14,16)=A(P,9,2)
END IF
= A(P,9,3)=A(P,9,1)+A(P,1,4)
o END 1IF
e * GENERATE TOTMU DISTRIBUTION FROM CALCULATED TOTMU
205 * COMPUTE TOTMU MEAN AND VARIANCE
CALL GENPF(P,A(P,9,3),10)
o, CALL CALEBO(P,10,14,8)
0 IF (A(P,14,8).GT.0.0) THEN
' CALL CALVAR(P,10,14,7)
e END IF

* CONVERT TOTMU PF TO TOTMU CDF

N CALL PF2CDF(P,10,11)
Sl
o * ADJUST TOTMU CDF FOR STOCK LEVEL AND QPHA TO GET BACKORDER CDF
=N CALL SHIFTL(P,11,P,12,INT(A(P,1,5)),
NN + INT(A(P,1,3)))
oy * CONVERT BACKORDER CDF TO BACKORDER PF
N CALL CDF2PF(P,12,13)
AN
L{jl * CALCULATE EXPECTED VALUE OF BACKORDER PF
. CALL CALEBO(P,13,14,1)
o * CALCULATE VARIANCE AND VARIANCE TO MEAN RATIO OF BACKORDER PF
XY CALL CALVAR(P,13,14,0)
-~,t|
Y * TRANSFER BACKORDER CDF TO PARENT RECORD
W CALL SHIFTL(P,12,INT(A(P,1,6)),
: + 14INT(A(P,1,7)),0,1)
i END IF
A 50 CONTINUE
“nt 40  CONTINUE
R
2’ % PRINT E[NMC] AND PFS
- PRINT*
- PRINT*,'APPROX RESULTS'
o DO 80 P=0,NPARTS
"3 PRINT*
Il PRINT*,'PART NO. ',P," * * & & & & & & &'
N + th & & & & %k k &k K k A k% k Kk k!
FON DO 90 L=2,14
5% PRINT#*
f} PRINT* ,MSG(L)
N PRINT 95,(A(P,L,C),C=0,DISTL)
- 90 CONTINUE
~, 95 FORMAT(7F9.5)
i 80 CONTINUE
ot END
)
'Ei; 91
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FUNCTION FACT(Y)
* THIS FUNCTION CALCULATES THE FACTORIAL OF A GIVEN ARGUMENT
INTEGER Y,K
REAL FACT
IF (Y.LT.0) THEN
PRINT*, 'ERROR-TRIED TO TAKE FACTORIAL OF A NEGITIVE NUMBER'
END IF
FACT=1
DO 100 K=1,Y
FACT=FACT*K
100  CONTINUE
END

RRARRRRRRRRRRRRRARARRRARRERRRRARRRRAARAR R AR A AR A RRARRRRRRAAR AR A AR ARk hhR

SUBROUTINE PF2CDF(P,LF,LT)

* THIS SUBROUTINE CONVERTS A PF TO A CDF
INTEGER P,LF,LT,K,DISTL,NPARTS
PARAMETER (NPARTS=3,DISTL=27)

REAL A(O:NPARTS,1:14,0:DISTL)
COMMON A
A(P,LT,0)=A(P,LF,0)
DO 110 K=1,DISTL
A(P,LT,K)=A(P,LF ,K)+A(P,LT,K~1)
110  CONTINUE
END

RRRARRARRRRAAARRARARARARAdkdkhhdhhhhhhkdhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhik

SUBROUTINE CDF2PF(P,LF,LT)

* THIS SUBROUTINE CONVERTS A CDF TO A PF
INTEGER P,LF,LT,K,DISTL,NPARTS
PARAMETER (NPARTS=3,DISTL=27)

REAL A(O:NPARTS,1:14,0:DISTL)
COMMON A
A(P,LT,0)=A(P,LF,0)
DO 120 K=1,DISTL
A(P,LT,K)=A(P,LF,K)-A(P,LF ,K-1)
120 CONTINUE
END

REARRARRRARRRRRRRRARARARRRRRARRARARARAARARRARARRARRARAAAA R NA A AR Rk hdd

SUBROUTINE GENPF(P,MU,LT)
* THIS SUBROUTINE GENERATES A POISSON PROBAEILITY FUNCTION
INTEGER P,LT,Y,DISTL,NPARTS
PARAMETER (NPARTS=3,DISTL=27)
REAL MU,FACT
REAL A(O:NPARTS,1:14,0:DISTL)

92




COMMON A
DO 130 Y=0,DISTL
A(P,LT,Y)=MUX*Y*EXP(-MU) /FACT(Y)
130  CONTINUE
END

RRRRRRRRRRARRARARRRRRARRARRRRRRARRAAARRARNARARRRAAARRRRARRRRAARARARRAARA AKX

SUBROUTINE SHIFTL(PF,LF,PT,LT,SL,QP)
* THIS SUBROUTINE ADJUSTS A DEMAND CDF FOR STOCK LEVEL AND
* QPHA TO GET A BACKORDER CDF
INTEGER PF,LF,PT,LT,SL,QP,K,DISTL,NPARTS
PARAMETER (NPARTS=3,DISTL=27)
REAL A(O:NPARTS,1:14,0:DISTL)
COMMON A
DO 140 K=0,INT((DISTL-SL)/QP)
A(PT,LT,K)=A(PF,LF,SL+K*QP)
140  CONTINUE
DO 145 K=INT((DISTL-SL)/QP)+1,DISTL
A(PT,LT,K)=1.0
145 CONTINUE
END

RRRARRARAARRKANERRARARARRRARRAENARRRIRARNRRRNRRRARARA AR AR AN AR AARRAARRRAk

SUBROUTINE CALEBO(P,LF,LT,CT)

* THIS SUBROUTINE CALCULATES EXPECTED BACKORDER FROM A PF
INTEGER P,LF,LT,CT,K,DISTL,NPARTS
PARAMETER (NPARTS=3,DISTL=27)
REAL EBO
REAL A(O:NPARTS,1:14,0:DISTL)
COMMON A
EB0=0.0
DO 150 K=0,DISTL

EBO=EBO+K*A(P,LF,¥)
150  CONTINUE
A(P,LT,CT)=EBO
END

RRRRARRRRRARRRARARRRRARRRRRRARRRRARRAARRRRRARARKRAARAAARAARARARAARARA AR

SUBROUTINE COMBYN(P,LF1,LF2,LT)
*# THIS SUBROUTINE COMBINES TWO MUTUALLY EXCLUSIVE PFS TO GET
* A RESULTANT PF
INTEGER N,C,P,LF1,LF2,LT,N,DISTL,NPARTS
PARAMETER (NPARTS=3,DISTL=27)
REAL A(O:NPARTS,1:14,0:DISTL)
COMMON A
DO 160 C=0,DISTL
A(P,LT,C)=0.0
DO 160 N=0,C
A(P,LT,C)=A(P,LT,C)+A(P,LF1,N)*A(P,LF2,C-N)
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160 CONTINUE
END

RARRRNENRRARRRRRARAKRERRRRRRARR R R RR AR R AR AR A RRAR AR RRA A AR ARA R R AR RN

SUBROUTINE CALVAR(P,LF,LT,CT)
* THIS SUBROUTINE CALCULATES THE VARIANCE AND
* VARIANCE TO MEAN RATIO OF A BACKORDER PF

INTEGER P,LF,LT,CT,K,DISTL,NPARTS

PARAMETER (NPARTS=3,DISTL=27)

REAL SUM

REAL A(O:NPARTS,1:14,0:DISTL)

COMMON A

SUM=0.0

DO 170 K=0,DISTL

SUM=SUM+( (K=A(P,LT,CT+1))**2)*A(P,LF,K)
170  CONTINUE

A(P,LT,CT)=SUM

A(P,LT,CT+2)=A(P,LT,CT)/A(P,LT,CT+1)

END

REARRRARNRAANRKRRRRRARRRARRARARRRRRRRRRRRRRANRRARRARRAARRRRRRRAR A AR N Rk kK
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PROGRAM EXACT

RARRRARRRRRRARRRRRARRRAAARRARARRRAAARRR I AR AR R RR AR AAhhhkhkhhkhkkhhk

* THIS PROGRAM CALCULATES THE EXACT E[NMC] AND INTERMEDIATE *
* DEMAND AND BACKORDER DISTRIBUTIONS FOR A SPECIFIED PARTS *
* HIERARCHY AND STOCK LEVEL *

RRARERRRREARAREARARARRRRRARRRRARRRRARARARRRRARAARRRARARARAR AR AR KAk

INTEGER P,L,C,TYPE, BLOCK,NPARTS,DISTL

CHARACTER*40 MSG(1:20)

PARAMETER (NPARTS=3,DISTL=27,BLOCK=6%(NPARTS+1)*(DISTL+1))
REAL A(O:NPARTS,1:14,0:DISTL)

COMMON A

++++ 4+

1,C),C=1,7),P=0,NPARTS)/

MW == O

1
»
»
*
,,C
BLOCK*1.0/
MSG/'0/TYPE/#SA/QPHA/MU/SL/HA#/PUP',"SA 1 BO CDF',
*SA 2 BO CDF','SA 3 BO CDF','SA 4 BO CDF','SA 5 BO CDF',
'AWP CDF','AWP PF','AMU PF','TOTMU PF','TOTMU CDF’,
*BO CDF','BO PF','VAR/MEAN/VAR TO MEAN FOR BO,TOTMU,& AWP',
"Akkkk ERROR *##kk' 'IMPROPER PART TYPE IN DATA',
'NEGATIVE VALUE IN DATA','> S SA PER PARENT PART',
'HA# > NPARTS','PUP > PARENT''S #SA'/

* ECHO PRINT DATA AND ERROR CHECK
PRINT*,'INPUT DATA'
PRINT#*

PRINT*, 'PART TYPE

#SA QPHA MU SL  HA# PUP'

DO 10 P=0,NPARTS

-'t. .‘....:..f.'.-’.q...'_ .

WRITE(*,5)P,(A(P,1,C),C=1,7)
FORMAT(I5,7F6.1)

IF (A(P,1,1).GT.5.0 .OR. A(P,1,1).LT.1.0) THEN
PRINT* ,MSG(15)
PRINT* ,MSG(16)

END IF

IF (A(P,1,2).GT.5.0) THEN
PRINT* ,MSG(15)
PRINT* MSG(18)

END IF

IF (A(P,1,6).GT.NPARTS) THEN
PRINT* MSG(15)

PRINT* ,MSG(19)

END IF
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IF (A(P,1,7).GT.A(A(P,1,6),1,2)) THEN
PRINT* ,MSG(15)
PRINT* MSG(20)
END IF
DO 20 C=1,7
IF (A(P,1,C).LT.0.0) THEN
PRINT* ,MSG(15)
PRINT* ,MSG(17)
END IF
20 CONTINUE
10  CONTINUE
PRINT*

* GENERATE AMU DISTRIBUTION FOR EACH PART FROM PIPELINE QUANTITY
DO 30 P=1, NPARTS
CALL GENPF(P,A(P,1,4),9)
30 CONTINUE

* STEP THROUGH INDENTURE LEVELS FROM LOWEST TO HIGHEST LEVEL
DO 40 TYPE=1,5

»

FOR EACH PART, IF IT IS THE TYPE BEING CONSIDERED, PERFORM CALCULATIONS
DO 50 P=0,NPARTS
IF (A(P,1,1).EQ.TYPE) THEN

»

COMPUTES AWP CDF FOR PART
DO 60 C=0,DISTL

DO 70 L=2,6
A(P,7,C)=A(P,7,C)*A(P,L,C)
70 CONTINUE
60 CONTINUE

* CONVERT AWP CDF TO AWP PF
CALL CDF2PF(P,7,8)

* CALCULATE MEAN AWP AND AWP VARIANCE
IF PART 1S THE AIRCRAFT THEN GO TO THE END OF THE LOOP
IF (TYPE.EQ.S) THEN
CALL CALEBO(P,8,14,1)
CALL CALVAR(P,8,14,0)
GO TO 40
ELSE
CALL CALEBO(P,8,14,15)
IF (A(P,14,15).CT.0.0) THEN
CALL CALVAR(P,8,14,14) |
END IF
END IF
# COMBINE AWP PF AND AMU PF TO GET TOTMU PF
* COMPUTE MEAN AND VARIANCE OF TOTMU PF
CALL COMBYN(P,8,9,10)
CALL CALEBO(P,10,14,8)
IF (A(P,14,8).GT.0.0) THEN

»
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CALL CALVAR(P,10,14,7)
END IF

* CONVERT TOTMU PF TO TOTMU CDF
CALL PF2CDF(P,10,11)

* ADJUST TOTMU CDF FOR STOCK LEVEL AND QPHA TO GET BACKORDER CDF

RE, CALL SHIFTL(P,11,P,12,INT(A(P,1,5)),
+ INT(A(P,1,3)))

‘§§ * CONVERT BACKORDER CDF TO BACKORDER PF
N CALL CDF2PF(P,12,13)
Es

s 5 * CALCULATE EXPECTED VALUE OF BACKORDER PF

CALL CALEBO(P,13,14,1)

ae

N * CALCULATE VARIANCE AND VARIANCE TO MEAN RATIO OF BACKORDER PF
ﬁg CALL CALVAR(P,13,14,0)

oy

>3 * TRANSFER BACKORDER CDF TO PARENT RECORD

. CALL SHIFTL(P,12,INT(A(P,1,6)),
- + 1+INT(A(P,1,7)),0,1)
4 END IF
133, 50 CONTINUE
é-§ 40  CONTINUE

-3

* PRINT E[NMC] AND PFS

{2 PRINT*
KT~ PRINT*, 'EXACT RESULTS'

N DO 80 P=0,NPARTS

- PRINT*

T PRINT*,'PART NO. ',P,' * * & & & & & & & &'

' + Th & & k& %k k * * & & Kk * Xk & &'
S DO 90 L=2,14
- PRINT*
Ao PRINT* MSG(L)
- PRINT 95, (A(P,L,C),C=0,DISTL)

A 90 CONTINUE

N 95  FORMAT(7F9.5)

o~ 80 CONTINUE
s END

‘::: RARKEARARRRRRARRRARRARARRRAARAAARAARANN A AR RARRA AR AR AIRRARA AR AR A AkkAkh Ak
o FUNCTION FACT(Y)

" * THIS FUNCTION CALCULATES THE FACTORIAL OF A GIVEN ARGUMENT
»Qﬁ INTEGER Y,K

2 REAL FACT

> IF (Y.LT.0) THEN

- PRINT*,'ERROR-TRIED TO TAKE FACTORIAL OF A NEGITIVE NUMBER'
by END IF
o FACT=1

’,
k] '-

o 97

-

T T AN LN e T . NN AT
» » b LAl | v B



DO 100 K=1,Y
FACT=FACT*K

100  CONTINUE
END

RRARBARANRERRARARRRARARKRRRARRARAAARRKRRANARRR AR AR AR AR AR Rk R A Ak hdkd

SUBROUTINE PF2CDF(P,LF,LT)

# THIS SUBROUTINE CONVERTS A PF TO A CDF
INTEGER P,LF,LT,K,DISTL,NPARTS
PARAMETER (NPARTS=3,DISTL=27)

REAL A(O:NPARTS,1:14,0:DISTL)
COMMON A
A(P,LT,0)=A(P,LF,0)
DO 110 K=1,DISTL
A(P,LT,K)=A(P,LF ,K)+A(P,LT,K-1)
110  CONTINUE
END

RRRRRARRRRRRRRARARRARRRAARRARARRRRRAARRAARRR A LA kR ARk khhhkhhhhihkhhkhdik

SUBROUTINE CDF2PF(P,LF,LT)

* THIS SUBROUTINE CONVERTS A CDF TO A PF
INTEGER P,LF,LT,K,DISTL,NPARTS
PARAMETER (NPARTS=3,DISTL=27)

REAL A(O:NPARTS,1:14,0:DISTL)
COMMON A
A(P,LT,0)=A(P,LF,0)
DO 120 K=1,DISTL
A(P,LT,K)=A(P,LF,K)~A(P,LF,K-1)
120  CONTINUE
END

RRRRNRRRRRRRRRARRARRRRRRRRARRARARRRARKRAARRRARRARRARARRRRARAARAARARARARIAR

SUBROUTINE GENPF(P,MU,LT)

* THIS SUBROUTINE GENERATES A POISSON PROBABILITY FUNCTION
INTEGER P,LT,Y,DISTL,NPARTS
PARAMETER (NPARTS=3,DISTL=27)

REAL MU, FACT
REAL A(O:NPARTS,1:14,0:DISTL)
COMMON A
DO 130 Y=0,DISTL
A(P,LT, Y)=MU**Y*EXP(~-MU)/FACT(Y)
130 CONTINUE
END

RAAARARRRAARRRNRARRRARRAARARRARRRRRRRARNRRARRARARRARRARARRARANARARRAARARRR
SUBROUTINE SHIFTL(PF,LF,PT,LT,SL,QP)

* THIS SUBROUTINE ADJUSTS A DEMAND CDF FOR STOCK LEVEL AND
* QPHA TO GET A BACKORDER CDF
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INTEGER PF,LF,PT,LT,SL,QP,K,DISTL,NPARTS
PARAMETER (NPARTS=3,DISTL=27)
REAL A(O:NPARTS,1:14,0:DISTL)

. COMMON A
> DO 140 K=0,INT((DISTL-SL)/QP)
o A(PT,LT,K)=A(PF,LF,SL+K*QP)
o 140  CONTINUE
~; DO 145 K=INT((DISTL-SL)/QP)+1,DISTL
d A(PT,LT,K)=1.0
145 CONTINUE
o END
::.: RRRRRRRBARARRRAARRARRRARRNRARRRARARARARRREARRARRARARRARR AR AR R AR AR AR RN A
s.'-\
2 SUBROUTINE CALEBO(P,LF,LT,CT)
* THIS SUBROUTINE CALCULATES EXPECTED BACKORDER FROM A PF
o INTEGER P,LF,LT,CT,K,DISTL,NPARTS
,ﬁz PARAMETER (NPARTS=3,DISTL=27)
55 REAL EBO
N REAL A(O:NPARTS,1:14,0:DISTL)
" COMMON A
e EBO=0.0
\i DO 150 K=0,DISTL
0% EBO=EBO+K*A(P,LF,K)
4 150 CONTINUE
b; A(P,LT,CT)=EBO
END
‘."_: RARERRRRRRRRARKARRRARARRAARAKARRRRARARAAAAARRARRAAR AR AR AR AR ARk Akh b hhkk
N2 SUBROUTINE COMBYN(P,LF1,LF2,LT)
e * THIS SUBROUTINE COMBINES TWO MUTUALLY EXCLUSIVE PFS TO GET
< * A RESULTANT PF
- INTEGER N,C,P,LF1,LF2,LT,N,DISTL,NPARTS
W PARAMETER (NPARTS=3,DISTL=27)
5 REAL A(O:NPARTS,1:14,0:DISTL)
o COMMON A
- DO 160 C=0,DISTL
A(P,LT,C)=0.0
— DO 160 N=0,C
. A(P,LT,C)=A(P,LT,C)+A(P,LF1,N)*A(P,LF2,C-N)
e 160 CONTINUE
T END
'.'. ARRRARERRARRRRRARRRARARARRRRRARRAARRARAARARRRRARARRARNRRARAEANR AR ARk kA kk
e SUBROUTINE CALVAR(P,LF,LT,CT)
N * THIS SUBROUTINE CALCULATES THE VARIANCE AND
e * VARIANCE TO MEAN RATIO OF A BACKORDER PF
o INTEGER P,LF,LT,CT,K,DISTL,NPARTS
'i PARAMETER (NPARTS=3,DISTL=27)
> REAL SUM
LS
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REAL A(O:NPARTS,1:14,0:DISTL)

COMMON A

SUM=0.0

DO 170 K=0,DISTL

SUM=SUM+( (K-A(P,LT,CT+1))**2)*A(P,LF,K)

170  CONTINUE

A(P,LT,CT)=SUM

A(P,LT,CT+2)=A(P,LT,CT)/A(P,LT,CT+l)

END
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Varjiables Used in the Computer Programs

A - data and probability array.

APPROX - program which calculates approximate E[NMC].
BLOCK - computed parameter.

BO - output label denoting backorder.

C - indexing variable for the column number in the A array which calcu-
lates the EBO from a probability function (PF).

CALEBO - subroutine which calculates the EBO from a PF.

CALVAR = subroutine which calculates variance and variance to mean ratio
of a backorder PF.

CDF2PF - subroutine which converts a cumulative distribution function
(CDF) to a PF.

COMBYN - subroutine which combines two mutually exclusive PFs to get a
resultant PF.

DISTL - length of probability distributions.

DLPAR - distribution length paramenter.

EBO - expected backorder.

EXACT - program which calculates exact E[NMC].

FACT - function which calculates the factorial of a number.
GENPF ~ subroutine which generates a Poisson PF.

L - indexing variable for the line number in the A array.

LF - indexing variable indicating the line number of array A from which
a probability distribution is taken.

LFl - indexing variable of array A indicating the line from which the
first of two mutually exclusive PFs is taken.

LF2 - indexing variable of array A indicating the line from which the
second of two mutually exclusive PFs is taken.

LT - indexing variable indicating the line of array A to which a resul-
tant probability distribution is assigned.
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oA
o
ﬁju; MSC - message and heading array.
MU - parameter from which the Poisson distribution is generated (as an
output label it indicates the pipeline quantity for an item).
NPARTS - the number of different parts on the aircraft hierarchy.
P - indexing variable for the part number in the A array.
! PF - indexing variable for array A indicating the part from which a pro-
A bability distribution is taken.
R
o PF2CDF - subroutine which converts a PF to a CDF.
- PT - indexing variable for array A indicating the part to which the
resultant probability distribution is assigned.
..1:.:‘
:%:- PUP - position of a subassembly under a parent item, for example, if a
:}:2 parent item has two subassemblies(SA), the first SA will have a
AN PUP of 1 and the second SA will have a PUP of 2.
LN
?}' QP - QPHA for a specific part.
‘2:21 SHIFTL - subroutine which adjusts a demand CDF for stock level and QPHA
el to get a backorder CDF.
\':' 3
s SL - stock level for a specific part.
i
‘:I} SUM - computational variable used in calculating variance.
:t;: TYPE - part type.
. #SA - output label indicating the number of different subassemblies on
e an item.
)
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Appendix D

o Sample Results
E.:.j Note: E[NMC] is the boxed figure at the end of the data for part number

Approx Results for Sample Problem

N
Ry
-.\l
Y INPUT DATA
-_}*
PART TYPE #SA QPHA MU  SL HA¢ PUP
L 0 50 110 1.0 .0 .0 .0 .0
ro 1 4.0 3.0 1.0 1.0 2.0 0 1.0
o~ 2 3.0 .0 1.0 1.0 .0 1.0 1.0
o 3 3.0 .0 2.0 2.0 1.0 1.0 2.0
o 4 3.0 .0 2.0 1.0 .0 1.0 3.0
'-
&N
o APPROX RESULTS
)
::ﬂ PART NO., O * % % % & & % % & &k & & * & & &k & & &k & & % & % %
a
SA 1 BO CDF
2 54678  .76004  .89272  .95875 .98613  .99587  .99890
A 99973 .999%  .99999 1.00000 1.00000 1.00000 1.00000
S 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
< 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
" SA 2 BO CDF
S 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
o 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
AN 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
ik 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
o SA 3 BO CDF
oo 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
e 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
S 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
- 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
L SA 4 BO CDF
o 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
Ay 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
R 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
e 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
=
i SA S BO CDF
e
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1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000
AWP CDF
.54678  .76004  .89272  .95875
299973 .9999%  .99999 1.00000
1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000
AWP PF
.54678  .21326  .13267  .06603
.00084  .00021  .00005  .00001
.00000  .00000  .00000  .00000
.00000  ,00000  .00000  .00000
VAR/AWP/VAR TO MEAN RATIO/TOTMU
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
TOTMU PF
.00000  .00000 .00000  .00000
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
TOTMU CDF
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
BO CDF
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
BO PF
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
VAR/MEAN/VAR_TO MEAN FOR BO,TOTMU,&
1.44662 [.86116 ]1.67985  .00000
.00000 .00000  .00000  .00000
.00000  .00000  .00000  .00000
.00000  .00000  .00000  .00000
104
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1.00000
1.000090
1.00000
1.00000

»98613
1.00000
1.00000
1.00000

.02739
.00000
.00000
.00000

.00000
«00000
»00000
«00000

» 00000
. 00000
«00000
«00000

.00000
. 00000

.00000
.00000

. 00000
.00000
. 00000
.00000

.00000
.00000
»00000
»00000

AWP
.00000
.00000
.00000
»00000

1.00000
1.00000
1.00000
1.00000

.99587
1.00000
1.00000
1.00000

00974
.00007
.00000
.00000

.00000
.00000
.00000
.00000

+00000
00000
»00000
« 00000

.00000
+00000
.00000
.00000

.00000
»00000
.00000
.00000

.00000
.00000
.00000
.00000

«00000
.00000
+ 00000
.00000

* .

1.00000
1.00000
1,00000
1.00000

.99890
1.00000
1.00000
1.00000

.00303
«00000
.00000
. 00000

. 00000
»00000
. 00000
.00000

«00000
.00000
.00000
.00000

«00000
.00000

.00000
.00000

.00000
.00000
.00000
.00000

»00000
.00000
»00000
«00000

.00000
.00000
«00000
.00000

e
......




PART NO.

U A I i s et 2

1 * % & & & & & & k &k k ® & & k & k & k ® Kk & ¥ & &

SA 1 BO CDF

+36788
.99999
1.00000
1.00000

«73576
1.00000
1.00000
1.00000

SA 2 BO CDF

-40601
1.00000
1.00000
1.00000

.85712
1.00000
1.00000
1.00000

SA 3 BO CDF

.36788

.91970

1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 4 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

1.00000

1.00000

SA 5 BO CDF

1.00000
1.00000
1.00000
1.00000

AWP CDF
.05495
+99999

1.00000
1.00000

AWP PF
«05495
.00007
.00000
.00000

1.00000
1.00000
1.00000
1.00000

«58000
1.00000
1.00000
1.00000

+52505
.00001
.00000
.00000

«91970
1.00000
1.00000
1.00000

.98344
1.00000
1.00000
1.00000

«99634
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.90116
1.00000
1.00000
1.00000

«32116
.00000
.00000
» 00000

.98101
1.000060
1.00000
1.00000

.99890
1.00000
1.00000
1.00000

«99992
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

+97985
1.00000
1.00000
1.00000

.07870
. 00000
+ 00000
.00000

VAR/AWP/VAR TO MEAN RATIO/TOTMU

.66601
.00000
.00000
.00000

TOTMU PF

1.48845
.00000
+00000
.00000

44745
+N0000
.00000
.00000

2.48845
.00000
.00000
.00000

105

+99634
1.00000
1.00000
1.00000

«99995
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

+99629
1.00000
1.00000
1.00000

.01644

. 00000
.00000
,00000

.00000
.00000
.00000
.00000

«99941
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

«99940
1.00000
1.00000
1.00000

.00311
.00000
.00000
.00000

.00000
.00000
»00000
.00000

+99992
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

+99992
1.00000
1.00000
1.00000

.00051
.00000
.00000
+00000

.00000
.00000
.00000
.00000

AR ACE R DAY AN . el A




KN
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.08304 .20664
.00974 .00303
.00000 .00000
.00000  .00000

TOTMU CDF
.08304 +28968
.99587 +99890
1.00000 1.,00000
1.00000 1.00000

BO CDF
+54678 +76004
«99973 «99994
1.00000 1.00000
1.00000 1.00000

BO PF
.54678  .21326
.00084 .00021
.00000  .00000
.00000  .00000

VAR/MEAN/VAR TO MEAN FOR BO,TOTMU,§

1.44662  .86116
2.48845 2.48845
66601 1.48845
.00000  .00000

«25710  .21326
. 00084 .00021
.00000  .00000
+00000 .00000
+54678 76004
«99973 < 99994
1.00000 1.00000
1.00000 1.00000
.89272 .95875
«99999 1.00000
1.00000 1,00000
1.00000 1.00000
«13267 .06603
.00005 .00001
.00000  .00000
»00000 »00000
1,67985 »00000
1,00000 .00000
44745  ,00000
.00000 »00000

PART NO. 2 * % % % % & &

SA 1 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 2 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 3 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA & BO CDF
1.00000 1.00000
1.00000 1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1,00000
1.00000

1,00000
1.00000
1.00000
1.00000

1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1,00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.,00000
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«13267
.00005
. 00000
.00000

.89272
+99999
1.00000
1.00000

+98613
1.00000

1.00000
1.00000

.02739
.00000
.00000
.00000

AWP

.00000
»00000
.00000
«00000

* % ® & & k& * & &

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000

.06603
.00001
»00000
.00000

.95875
1.00000
1.00000
1.00000

«99587
1.00900

1.00000
1.00000

.00974
«00000
.00000
.00000

.00000
.00000
.00000
.00000

k k& %k &k %

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000

.02739
.00000
.00000
.00000

.98613
1.00000
1.00000
1.00000

.99890
1.00000

1.00000
1.00000

.00303
.00000
.00000
.00000

.00000
.00000
.00000
.00000

* k k %

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
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1.00000 1.00000
1.00000 1.00000

SA 5 RO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

AWP CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

AWP PF
1.00000 .00000
.00000 .00000
.00000 .00000
.00000 .00000

VAR/AWP/VAR TO MEAN
.00000 .00000
.00000 .00000
.00000 .00000
.00000 .00000

TOTMU PF
.36788 .36788
.00007 .00001
.00000 .00000
.00000 .00000

TOTMU CDF
.36788 «73576
.99999 1.00000
1.00000 1.00000
1.00000 1.00000

BO CDF
.36788 «73576
.99999 1.00000
1.00000 1.00000
1.00000 1.00000

BO PF
.36788 .36788
.00007 .00001
.00000 .00000
.00000 »00000

1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1,00000
1.00000
1.00000
1.00000

. 00000

.00000
.00000

.00000

1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00000

.00000
. 00000

»00000

RATIO/TOTMU

. 00000
.00000
. 00000
+00000

«18394
.00000
» 00000
»00000

.91970
1.00000
1.00000
1.00000

+91970
1.00000
1.00000
1.00000

.18394
.00000
+00000
. 00000

1.00000
»00000
»00000
00000

.06131
»00000
.00000
.00000

.98101
1.00000
1.00000
1.00000

.98101
1.00000
1.00000
1.00000

06131
.00000
.00000
.00000

1.00000
1.00000

1.00000
1,00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00000
.00000
.00000
.00000

.00000
.00000
.00000
«00000

.01533
» 00000
»00000
.00000

«99634
1.00000
1.00000
1.00000

299634
1.00000
1.00000
1.00000

.01533
. 00000
.00000
.00000

VAR/MEAN/VAR TO MEAN FOR BO,TOTMU,& AWP
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1.00000
1,00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00000
.00000
.00000
.00000

.00000
» 00000
+00000
.00000

»00307
.00000
.00000
.00000

299941
1.00000
1.00000
1.00000

«99941
1.00000
1.00000
1.00000

»00307
.00000
.00000
.00000

1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000

.00051
.00000
.00000
.00000

+99992
1.00000
1.00000
1.00000

+99992
1.00000
1.00000
1.00000

.00051
.00000
» 00000
+00000
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1.00000
1.00000
.00000
»00000

1.00000
1.00000

.00000
.00000

PART NO. 3 * *

SA 1 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 2 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 3 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 4 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 5 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

AWP CDF
1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

AWP PF

1.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000

VAR/AWP/VAR TO MEAN

.00000
»00000

.00000
.00000
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1.00000 .00000
1.00000 » 00000
»00000 .00000
.00000 .00000
ok Kk Xk

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00000
.00000
.00000
.00000

.00000
»00000
.00000
. 00000

RATIO/TOTMU

.00000 2.00000
.00000 .00000

108

.00000
.00000

.00000
.00000

k k k k &k k& k &k &

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1,006,
1.00000

.00000
«00000
. 00000
.00000

.00000
00000

.00000
.00000
. 00000
«00000

. 00000
.00000

.00000
.00000

X k& k & kA k& * * %

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00000
.00000
. 00000
.00000

.00000
.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00000
»00000
.00000
.00000

.00000
.00000

P




.00000
.00000

.09022
.00001
»00000
.00000

294735

1.00000
1.00000
1.00000

«99995
1.00000
1.00000
1.00000

.00105
.00000
.00000
.00000

AWP
.00000
«00000
»00000
+00000

*® hk k k& k& k & & &

f:::i

v\"‘

o

SO

\’\

NN .00000  ,00000 .00000  .00000

S .00000  .00000  .00000  .00000

. TOTMU PF

N 13534 .27067  .27067  .18045

\ .00344  ,00086 .00019 .00004

5o\ .00000  .00000 .00000 .00000

N .00000  .00000 .00000 .00000

- TOTMU CDF

N 13534 .40601 .67668  .85712

AN .99890  .99976  .99995  .99999

JnN 1.00000 1.00000 1.00000 1.00000

AN 1.00000 1.00000 1.00000 1.00000
BO CDF

E; .40601  .85712  .98344  .99890

1.00000 1.00000 1.00000 1.00000

= 1.00000 1.00000 1.00000 1.00000

2 1.00000 1.00000 1.00000 1.00000

o BO PF

3‘2: 40601  .45112  ,12631  .01547

Vo .00000  .00000 .00000 .00000

i .00000  .00000 .00000 .00000

o .00000  .00000 .00000 .00000

” VAR/MEAN/VAR TO MEAN FOR BO,TOTMU,&

e 54416  .75458  .72114  .00000

o 2.00000 2.00000 1.00000 .00000

";'(;: .00000 .00000 .00000 .00000

o .00000  .00000 .00000 .00000

o PART NO. & % ® % & % # &

\‘.\

WY

N SA 1 BO CDF

2 1.00000 1.00000 1.00000 1.00000

e 1.00000 1.00000 1.00000 1,00000
1.00000 1.00000 1.00000 1.00000

o 1.00000 1.00000 1.00000 1.00000

S SA 2 BO CDF

L 1.00000 1.00000 1.00000 1.00000

DA 1.00000 1.00000 1.00000 1.00000

—% 1.00000 1.00000 1.00000 1.00000

a5 1.00000 1.00000 1.00000 1.00000

43 SA 3 BO CDF

N 1.00000 1.00000 1.00000 1.00000

= 1.00000 1.00000 1.00000 1.00000

- 1.00000 1.00000 1.00000 1.00000

. 1.00000 1.00000 1.00000 1.00000

A

A ;.

3 2 109

o

NN L.
. . .
. o . .

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

4= 8t o5

.00000
. 00000

.03609
.00000
.00000
.00000

.98344
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00005
.00000
.00000
.00000

»00000
+00000
.00000
.00000

X k & %k *

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000
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.00000
.00000

.01203
.00000
.00000
.00000

«99547

1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000

* k % %

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

ala




SA 4 BO CDF
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

SA 5 BO CDF
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

AWP CDF
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.,00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

AWP PF
1.00000 .00000 .00000 .00000 .00000 .00000 .00000
+00000 .00000  .00000 .00000 .00000 .00000 .00000
.00000 .00000 .00000 .00000 .00000 .00000 .00000
.00000 .00000 .00000 .00000 .00000 .00000 .00000

VAR/AWP/VAR TO MEAN RATIO/TOTMU
.00000 .00000 .00000 1.00000 .00000 ,00000 .00000
.00000 .00000 .00000 .00000 .00000  .00000 .00000
.00000 .00000 .00000 .00000 .00000 .00000 .00000
.00000 .,00000 .00000 .00000 .00000 .00000 .00000

TOTMU PF
.36788 .36788 .18394 .06131 .,01533  .00307 .00051
.00007 .00001 .00000 .00000 .00000 .00000 .00000
.00000 .00000 .00000 .00000 .00000 .00000 .00000
.00000 .00000 ,00000 .00000 .00000 .00000 .00000

TOTMU CDF
.36788 .73576 .91970 .98101 «99634 .99941 +99992
.99999 1,00000 1.00000 1,00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1,00000 1.00000 1.00000 1.00000
1.00000 1.00000 1,00000 1.00000 1.00000 1.00000 1.00000

BO CDF
.36788 «91970  .99634 .99992 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

4 A lAMERES..Y. .

BO PF
.36788 «55182 07664 .00358 .00008 .00000 .00000 ;
.00000 .00000 .00000 .00000 .00000 .00000 .00000 !

110




.00000 .00000 +00000 ,00000 »00000 .00000 .00000
.00000 ,00000 .00000 .00000  .00000 .00000 .00000

VAR/MEAN/VAR TO MEAN FOR BO,TOTMU,& AWP ,

N .37902 ,71617  .52924 ,00000 .00000 .00000 .00000
T 1.00000 1.00000 1.00000 .00000 .00000 .00000 .00000
NN .00000 ,00000 .00000 .00000 .00000 .00000 .00000
j‘! 8 .00000 .00000 ,00000 .00000 .00000 .00000 .00000
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Exact Results for Sample Problem

INPUT DATA

PART TYPE  #SA

0 5.0 1.0
1 4.0 3,0
2 3.0 .0
3 3.0 .0
4 3.0 .0

EXACT RESULTS

PART NO. O * #

SA 1 BO CDF
«55499  .80204
+99995 +99999

1.00000 1.00000
1.00000 1.00000

SA 2 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 3 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 4 BO CDF
1.00000 1,00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 5 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

AWP CDF
+55499 «80204

*

QPHA MU SL
1.0 .0 .0
1.0 1.0 2.0
1.0 1.0 .0
2.0 2.0 1.0
2.0 1,0 .0

.92915
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.92915

e g™

'''' T e, % e N T
S AT A &.1 N P

* k k &k > k k &k K

.97872
1.00000

1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.97872

112

N
ata

HA#  PUP
.0 .0
0 1.0

1.0 1.0

1.0 2.0

1.0 3.0

nnnnn

TITYTYENYIV RNV TV WY ;W."-“*

k k k k k Rk A %k k h Kk k &

+99446
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

299446
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.99872
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.99872

+99973
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

«99973
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«99995
1.00000
1.00000

AWP PF
«55499
.00022
.00000
.00000

AMU PF
.00000
»00000
.00000
.00000

TOTMU PF
.00000
.00000
.00000
00000

TOTMU CDF
.00000
.00000
.00000
.00000

BO CDF
.00000
.00000

.00000
.00000

BO PF
.00000
.00000
.00000
.00000

.99999
1.00000
1.00000

+24705
.00004
.00000
.00000

.00000
.00000
.00000
.00000

.00000
.00000
00000
.00000

.00000
.00000
.00000
«00000

.00000
.00000
.00000
.00000

.00000
.00000
.00000
. 00000

1.00000
1.00000
1.00000

.12711
.00001
»00000
.00000

.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000

.00000
.00000

.00000
.00000

.00000
.00000
.00000
.00000

1.00000
1.00000
1.00000

.04958
.00000
.00000
.00000

.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000

.00000
.00000
.00000
«00000

.00000
.00000

.00000
.00000

.00000
.00000
.00000
.00000

VAR/MEAN/VAR_TQO MEAN FOR BO,TOTMU,&

1.05943 | 74224 }1.42734

.00000
.00000
.00000

.00000
.00000
»00000
.00000

1.00000
1.00000
1.00000

.01574
.00000
.0000
00000

.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000

.00000
.00000

.00000
.00000

.00000
.00000
.00000
.00000

AWP
.00000
.00000
.00000
»00000

1 * % & & & & & & k& & & * % & * %

.00000 .00000
.00000 .00009
.00000 .00000

PART NO.

SA 1 BO CDF
.36788 .73576
«99999 1.00000

1.00000 1.00000

.
N Ny N8 N P AR AR I A s

.91970
1.00000

.98101
1.00000

+99634
1.00000

1.00000 1.00000 1.00000

RIE A
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1.00000
1.00000
1.00000

.00426
.00000
.00000
»00000

.00000
.00000
. 00000
.00000

» 00000
.00000
.00000
.00000

.00000
.00000
-00000
.00000

.00000
.00000

.00000
.00000

.00000
.00000
.00000
.00000

.00000
.00000
.00000
.00000

1.00000

1.00000
1.00000

.00101
.00000
.00000
.00000

.00000
.00000
.00000
.00000

.00000
+00000
. 00000
.00000

.00000
.00000
.00000
.00000

.00000
.00000

.00000
.00000

.00000
»00000
.00000
.00000

.00000
.00000
.00000
.00000

x % k k k kX k& &k &

+99941

1.00000
1.00000

e K

«99992

1.00000
1.00000
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1.00000

* NBOAAARAL - 4

.40601
1.00000
1.00000
N 1.00000

AN -
PRINLN

1.00000

SA 2 BO CDF

.85712
1.00000
1.00000
1.00000

SA 3 BO CDF

.36788
1.00000
1.00000
1.00000

)

A

.91970
1.00000
1.00000
1.00000

SA 4 BO CDF

1.00000

- 1.00000
: 1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

SA 5 BO CDF

1.00000
1.00000
1.00000
1.00000

NENCRE A

AWP CDF
.05495
99999
= 1.00000
. 1.00000

a0

AWP PF
.05495
.00007
.00000
.00000

[ T Wy Ny

AMU PF
a .36788
- .00007
- .00000
" .00000

TOTMU PF
\ .02021
3 .00426
K .00000
.00000

-

TOTMU CDF
.02021

L4 .A Lea ) -
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1.00000
1.00000
1.00000
1.00000

. 58000
1.00000
1.00000
1.00000

«52505
.00001
.00000
.00000

.36788
.00001
.00000
.00000

«21337
.00101
.00000
.00000

.23358

1.00000

» 98344
1.00000
1.00000
1.00000

«99634
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

«90116
1.00000
1.00000
1.00000

.32116
.00000
.00000
.00000

.18394
.00000
.00000
.00000

32141
.00022
.00000
»00000

+55499

1.00000

+99890
1.00000
1.00000
1.00000

+99992
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

«97985
1.00000
1.00000
1.00000

.07870
.00000
.00000
.00000

.06131
.00000
»00000
.00000

«24705
00004
.00000
.00000

.80204
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1.00000

+99995
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

«99629
1.00000
1.00000
1.00000

01644
.00000
.00000
.00000

.01533
.00000
.00000
. 00000

12711
.00001
.00000
.00000

+92915

1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

+99940
1.00000
1.00000
1.00000

.00311
.00000
.00000
.00000

.00307
.00000
.00000
.00000

.04958
.00000
.00000
.000090

.97872

1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

+99992
1,00000
1.00000
1.00000

.00051
,00000
.00000
.00000

.00051
.00000
.00009
.00000

.01574
.00000
.00000
.00000

299446
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.99872  .99973  .99995  .99999 1.00000
1.00000 1.00000 1,00000 1,00020 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000

BO CDF

.55499  .80204  .92915 .97872  .99446

«99995  .99999 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1,00000 1.00000 1.00000

BO PF

.55499  .24705 .12711 .04958 .01574

.00022 .00004 .00001 .00000 .00000

.00000 .00000 ,00000 .00000  .00000

.00000 ,00000 .00000 .00000 .00000

VAR/MEAN/VAR TO MEAN FOR BO,TOTMU,& AWP
1.05943  .74224 1,42734  ,00000 .00000
1.66601 2.48845 .66950 ,00000 .00000

66601 1.48845  ,44745 .00000 .00000

.00000 .00000 ,00000 ,00000 .00000

PART NO. 2 *® & & % % % % & & & &% & % & & %

SA 1 BO CDF

1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 2 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 3 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 4 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 5 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1,00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
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1.00000
1.00000
1.00000

.99872
1.00000
1.00000
1.00000

+00426
.00000
.00000
.00000

.00000
.00000

.00000
.00000

k k & k %

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000

1.000090
1.00000
1.00000

+99973
1.00000
1.00000
1.00000

.00101
00000
.00000
.00000

.00000
.00000
.00000
.00000

k k Kk %

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000




o 1.00000 1.00000

AWP CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

AWP PF
1.00000 .00000
.00000 .00000
.00000 .00000
.00000  ,.00000

AMU PF
.36788 .36788
.00007 »00001
»00000  .00000
.00000  .00200

TOTMU PF
.36788 .36788
+00007 .00001
.00000 .00000
.0000C .00000

TOTMU CDF
.36788  .73576
+99999 1.00000
1.00000 1.00000
1.00000 1.00000

BO CDF
.36788 .73576
«99999 1.00000
1.00000 1.00000
1.00000 1.00000

BO PF _
.36788  .36788
.00007  .00001
.00000  ,00000
.00000 .00000

VAR/MEAN/VAR TO MEAN FOR BO,TOTMU,&

1.00000 1.00000
1.00000 1.00000
.00000 .00000
.00000 .00000

1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
.00000 .00000
.00000 .00000
.00000 .00000
.00000 .00000
.18394 .06131
.00000 «00000
.00000 .00000
+00000 »00000
.18394 .06131
.00000 . 00000
.00000 .00000
.00000 .00000
.91970 .98101
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
«91970 .98101
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
.18394 .06131
.00000 . 00000
.00000 .00000
.00000  .00000
1.00000 .00000
1.00000 .00000
.00000 .00000
«00000 . 00000

1.00000

1.00000
1.00000

1.00000
1.00000

00000
.00000
»00000
.00000

.01533
.00000
.00000
.00000

.01533
»00000
.00000
.00000

.99634
1.00000
1.00000
1.00000

«99634
1.00000
1.00000
1.00000

.01533
. 00000
.00000
.00000

AWP
. 00000
.00000
.00000
.00000

1.00000

1.00000
1.00000

1.00000
1.00000

.00000
.00000
.00000
.00000

.00307
.00000
.00000
.00000

.00307
.00000
.00000
.00000

.99941
1.00000
1.00000
1.00000

.99941
1.00000
1.00000
1.00000

.00307
»00000
.00000
.00000

.00000
.00000
.00000
.00000

1.00000

1.00000
1.00000

1.00000
1.00000

.00000
.00000
.00000
.00000

.00051
+00000
. 00000
.00000

.00051
.00000
.00000
.00000

.99992
1.00000
1.00000
1.00000

.99992
1.00000
1.00000
1.00000

.00051
.00000
»00000
.00000

.00000
.00000
.00000
.00000

PART NO. 3 * & & & &k & & & &k & & % k & & & k * & & & & &k & &
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SA 1 BO CDF

o 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
' 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

1.00000 1.00000 1.00000 1.,00000 1.00000 1.00000 1.00000

b SA 2 BO CDF

1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
= 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1,00000
. 1.00000 1.00000 1.00000 1,00000 1.00000 1.00000 1.00000
- 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

SA 3 BO CDF

"2 1.00000 1.00000 1.00000 1.00000 1.00000 1,00000 1.00000

- 1.00000 1.00000 1.00000 1,00000 1.00000 1,00000 1.00000
1,00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

- 1.00000 1.00000 1.,00000 1.00000 1.00000 1.00000 1.00000

ot SA 4 BO CDF

- 1.00000 1,00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
3ol 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
s 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

\Ts SA 5 BO CDF

N 1.00000 1.00000 1.00000 1.00000 1.00000 1,00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

L 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

» 1.00000 1.00000 1.00000 1.00000 1.00000 1,00000 1.00000

- AWP CDF

\ﬁ 1.00000 1.00000 1.00000 1.00000 1.00000 1,00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000

AWP PF
1.00000 .00000 .00000 .00000 .00000 .00000 .00000
.00000 .00000 .00000 .00000 .00000 .00000 .00000
. .00000 .00000 .00000 .00000 .00000 .00000 .00000
.00000 00000 .00000 .00000 .00000 .00000 .00000

AMU PF

XN .13534 «27067 «27067 «18045 .09022 .03609 .01203
e .00344 .00086 .00019 .00004  .00001 .00000 .00000
o .00000  .00000 .00000 .00000 .00000 .00000 .00000
A~ .00000  .00000 .00000 .00000 .00000 .00000 ,00000

Y TOTMU PF

.13534 +27067 «27067 «18045 .09022 .03609 .01203
.00344 .00086 .00019 .00004 .00001 .00000  .00000
.00000 .00000 .00000 .00000 .00000 .00000 .00000

N
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.00000 .00000

TOTMU CDF
.13534 +40601
.99890 .99976
1.00000 1.00000
1.00000 1.00000

BO CDF

.40601 .85712
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

BO PF
.40601 «45112
.00000 .00000
.00000  .00000
.00000 .00000

VAR/MEAN/VAR TO MEAN FOR BO,TOTMU,&

« 54416 +75458
2.00000 2.00000
.00000 .00000
.00000  .00000

.00000 .00000
.67668 .85712
+99995 +99999
1.00000 1.000090
1.00000 1.00000
.98344 .99890
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
.12631 .01547
«00000 »00000
.00000 .00000
.00000 »00000
72114 .00000
1.00000 .00000
.00000 . 00000
.00000 .00000

PART NO. 4 * % % % % %

SA 1 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 2 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 3 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

SA 4 BO CDF
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000
1.00000 1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00090
1.00000

118

.00000

«94735
1.00000
1.00000
1.00000

«99995
1.00000
1.00000
1.00000

.00105
.00000
.00000
.00000

AWP

.00000
00000
.00000
.00000

k k Kk Kk k * &k & &

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00000

.98344
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

00005
.00000
»00000
.00000

.00000
.00000
.00000
.00000

k k k &k %

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.,00000
1.00000
1.00000
1.00000

.00000

299547
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00009

.00000
.00000
»00000
.00000

.00000
.00000

.00000
.00000

k k & %

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000
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SA 5 RO CDF

1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1,.,00000 1,00000 1.00000
1.00000 1,00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000

AWP CDF
1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1,00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000

AWP PF
1.00000 .00000 ,00000 +00000 . 00000
.00000 .00000 .00000 .00000 .00000
.00000 .00000 .00000 .00000 «00000
.00000 ,00000 .00000 .00000 «00000

AMU PF
.36788 .36788 .18394 .06131 .01533
.00007 .00001 .00000 .00000 .00000
.00000 ,00000 00000 .00000  .00000
.00000 .00000 .00000 .00000  .00000

TOTMU PF
.36788 .36788 .18394 .06131 .01533
.00007 ,00001 .00000 .00000 .00000
.00000 .00000 .00000 .00000  .00000
.00000 ,00000 .00000 .00000 .0OO00

TOTMU CDF
.36788 .73576 .91970 .98101 +99634

.99999 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1,00000 1.00000

BO CDF
.36788 .91970 +99634 «99992 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000
1.00000 1.00000 1.00000 1.00000 1.00000

BO PF
.36788 +55182 .07664 .00358 .00008
.00000  .00000 .00000 .00000  .00000
.00000 .00000 .00000 .00000 .00000
.00000 .00000 .00000 .00000 .00000

VAR/MEAN/VAR TO MEAN FOR BO,TOTMU,& AWP
.37902  .71617  .52924 .00000  .00000
1.00000 1.00000 1.00000 ,00000 .00000
.00000  .00000 .00000 .00000 .00000
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1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00000
»00000
.00000
.00000

.00307
.00000
.00000
.00000

.00307
.00000
.00000
.00000

+99941
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00000
.00000
.00000
«00000

. 00000
. 00000
+ 00000

1.00000
1.00000
1.00000
1.00000

1,00000
1.00000
1.00000

1.00000

.00000
.00000
00000
.00000

.00051
.00000
.00000
.00000

.00051
.00000
.00000
.00000

«99992
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000

.00000

. 00000
.00000
.00000

.00000
.00000
.00000
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Appendix E
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Type 1 Error Tests

Cases with No Type 1 Error
(HA stock=0 and HA QPHA=1l)

The first five cases all refer to the hierarchy below:

o

HA

-
»

R
L}

“'ﬁ‘l oy 0y %y

Y
-
}—

SAl SA2

Bl Case 1l:

I PART DATA
aﬁ Part MU Stock QPHA
" HA 1 0 1

. SAs 1 0 1

s HA BO RESULTS
Mean Variance
EXACT 2.524 2.034
- APPROX 2.524 2.524
Z error 0 24,1

Case 2:

»
o4

'y %o

PART DATA
Part MU Stock QPHA
HA 1 0 1
SAs 1 0 2

2 A
AN
Fat2en’

%
(A

P s
A

HA BO RESULTS
Mean Variance
EXACT 2.026 1.312
APPROX 2.026 2.026
Z error 0 S4.4
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Case 3:

Part
HA
SAs

EXACT

APPROX
%z error

Case 4:

Part
HA
SAs

EXACT

APPROX
2 error

Case 5:

Part
HA

SA 1
SA 2

EXACT
APPROX

% error "0 .6
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MU

PART DATA
Stock
0

1

...............

QPHA
1
2

HA BO RESULTS

MU

Mean

1.497
1.497

0
PART DATA
MU Stock

0
2

Mean

3.230
3.230

0

PART DATA

Stock

HA BO RESULTS

Mean
10.905
10.904

Variance
1.330
1.497
12.6

QPHA
1
2

HA BO_RESULTS

e —— e L.

Variance
2.701
3.230
19.6

QPHA
1
1
1

Variance
10.377
10.444
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Cases six through nine use this hierarchy:

HA

SAl SA2 SAJ SA4

Case 6:
PART DATA
Part MU Stock QPdA
HA 1 0 1
SAs 1 1 2
HA BO RESULTS
Mean Variance
EXACT 1.879 1.301
APPROX 1.879 1.879
X error 0 44 .4
Case 7:

PART DATA
Part MU Stock QPHA
HA 3 0 1
SAs 1 2 3

HA BO RESULTS
Mean Variance
EXACT 3.345 3.232
APPROX 3.345 3.345
X error 0 3.5
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Case 8:
PART DATA
Part MU Stock QPHA
HA 2 0 1
SAs 2 0 1
HA BO RESULTS
Mean Variance
EXACT 5.731 3.513
APPROX 5.731 5.731
Z error 0 63.1
Case 9:
PART DATA
Part MU Stock QPHA
HA 2 0 1
SA 1 1 0 1
SA 2 2 0 1
SA 3 3 0 1
SA 4 4 0 1
SA 5 5 0 1
HA BO RESULTS
Mean Variance
EXACT 7.976 5.368
APPROX 7.976 7.976
% error 0 48,6

The mean errors that are not exactly O are caused by the
probability distributions being truncated in the computer
programs.,
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Cases with Type 1 Error

(HA stock not equal to O or HA QPHA not equal to 1)

Cases 10 through 13 use the following hierarchy:

HA
L —]
SAl SA2
Case 10:
PART DATA
Part MU Stock QPHA
HA 1 2 1
SAs 1 1 2
HA BO RESULTS
Mean Variance
EXACT .2498 «3696
APPROX <2798 .4419
Z error 12.0 19.6
Case 1l1:
PART DATA
Part MU Stock QPHA
HA 1 0 3
SAs 1 0 2

HA BO RESULTS

Mean Variance
EXACT 1.054 .1533
APPROX 1,021 .2939
Z error -3.1 91.7
1
3
;
R
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e Case 12:

N

FA PART DATA

b Part MU Stock QPHA

po— HA 1 2 1

\-5'...: SAs 1 0 2
rj

f-“a HA BO RESULTS

* Mean Variance
o EXACT «4370 .6109
e APPROX .5571 .9223

bl % error 27.5 51.0
]

NN

Case 13:

AN PART DATA

~tz. Part MU Stock QPHA
A’ HA 3 5 1

SA 1 1 0 1

N SA 2 5 0 1

O HA BO RESULTS

N "~ Mean Variance
EXACT 3.175 6.655
APPROX 3.188 6.748

Z error . b 1.4

:‘: 126
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Cases 14 and 15 use this hierarchy:

HA
1 1
SAl SA2 A3
Case 14:
PART DATA
Part MU Stock QPHA
HA 1 2 1
SAs 1 1 2
HA BO RESULTS
Mean Variance
EXACT «2998 4364
APPROX «3556 «e5722
X error 18.6 31.1
Case 15:
PART DATA
Part MU Stock QPHA
HA 1 2 1
SA 1 1 0 1
SA 2 2 1 2
SA 3 1 0 2

HA BO RESULTS

Mean Variance
EXACT «7422 1.059
APPROX .8612 1.447
% error 16.0 36.6
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5 Case 16:
e HA

A
! L 1 1
L5 SAl A2 SA3 S A4
o
LGN
MRS
M PART DATA
-' Part MU Stock QPHA
YRS HA 1 2 1
<8 SAs 1 1 2

HA BO RESULTS

Mean Variance
EXACT .3395 4870
APPROX .4191 .6823
£ error 23.4 40.1
Case 17:
HA
1
‘ T 1
SAl SA2 SA SA4 SAS
PART DATA
Part MU Stock QPHA
HA 1 2 1
SAs 1 1 2

HA BO RESULTS

Mean Variance
EXACT <3717 «5264
APPROX 4714 «7732
% error 26.8 46.9
128
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Appendix F
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Type 2 Error Tests

~ Cases with No Type 2 Error
e (Only 1 SA per HA above bottom level & no type 1 error)

Case 1:

- PART DATA
LS Part MU Stock QPHA
1 4 1

wNhNOoOOo

" 2 1 1
o 3 3 4
: 4 2 2

PART 1 BO RESULTS
. Mean Variance
? EXACT 5.688 5.319
"t.’ APPROX 5.688 5.688
ﬁ{ % error 0 6.9

»

Case 2:

Y - A

." ‘s .:l *)

v e's
—

a "- .l .l
v

h

N

PART DATA
Part MU Stock QPHA
1 1

Y 0 v .
X 'afﬂ&ﬂn*t'
A QL
V8N
- NN
QOO OO
e

»
4
-
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LK i

b v N

...................

PART 1 BO RESULTS

Mean Variance
EXACT 5.448 4.508
APPROX 5.448 5.448
Z error 0 20.9

Case 3:

~N %— -

U"i—}—}w

PART DATA
Part MU Stock QPHA
0 1
0

RN WN —~
W N =W
NOWO
DN e e

PART 1 BO RESULTS

Mean Variance
EXACT 5.936 5.201
APPROX 5.936 5.936
Z error 0 14,1
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‘o Cases with Type 2 Error

! Cases four through six use the following hierarchy:

. Case 4:

EART DATA
Ls Part MU Stock QPHA
¥ all 2 0 1

- PART 1 BO RESULTS

Mean Variance
EXACT 7.856 5.144
APPROX 7.985 7.927
Z error 1.6 54,1

NPT TP
J".}J.‘;. Jl'f~’

1]

¥
s ¢
l"

Case 5:

.

Wy
)

»

oA Part MU Stock QPHA
) 1 4 0 1
:‘{ 1 st 2 0 1

oy PART 1 BO RESULTS

oy Mean Variance

EXACT 9.856 7.145
. APPROX 9.987 9.987
RO % error 1.3 39.8
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Case 6:
PART DATA
Part MU Stock QPHA
1-3 .5 0 1
4=-7 «5 1 1

BARI 1 BO RESULTS

Mean Variance
EXACT 1.634 1.347
APPROX 1.628 1.628
Z error -.4 20.9

The next case uses this hierarchy:

AlC
1 1
1 2
1 =1
3 4 5 6
| 1 |
7 8 9 10
Case 7:
PART DATA
Part MU Stock QPHA
1 2 0 1
2 1 0 1
3 3 0 1
4 1 0 1 ‘
5 1 0 1 %
6 2 0 1
7 1 0 1 ‘
8 2 0 1 1
9 3 0 1 :
10 2 0 1
A/C BO RESULTS
Mean Variance
EXACT 7.587 3.942
APPROX 7.782 5.138
Z error 2.6 30.3
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:. Appendix G

\;;7
20 Sensitivity Analysis Results
7

£50
:-:: Effect of Increasing Depth of Indenture
N
}..::- For the "single-level” hierarchy:

- A/C

\\.

YAl

\»'_ —

o 1 2

ot PART DATA

XN Part MU Stock  QPHA
v 1 2 3 2

s 2 1.5 1 2

N A/C_BO RESULTS

¥ Mean Variance
L EXACT .6088  .4239

o APPROX .6088 .4239

) % error 0 0

\

-_\.

e For the “two-level” hierarchy:

. A/C

:.J

[ 1

1

= .| 1

i L L 1
_ 3 4 5 6
e PART DATA

.:f-. Part MU Stock QPHA
T odd #s 2 3 2
L even #s 1.5 1 2
~a

AON
3

N

N
4

<f

R
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A/C BO RESULTS

Mean Variance
EXACT «9422 «5245
APPROX «9557 «5683
Z error 1.4 8.4

"three-level” hierarchy:

A

e

A/C

(=)
N

.,
Sath

B Al

¢

RO

Shh

* -...P

1

A
St

" .l‘

Ay
i

¢

AL A

>
b

.

AR
a e +

-

-

1
1
4 5
9 10 11 12
PART DATA
Part MU Stock  QPHA
odd #s 2 3 2
even #s 1.5 1 2

A/C BO RESULTS

Mean Variance
EXACT 1.117 «5410
APPROX 1.154 «6405
Z error 3.3 18.4
135
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“"four-level"

hierarchy:

i3 (9 (7 (9 £

21 f7) 3 Bo

PART DATA
MU Stock  QPHA
2 3 2
even #s 1.5 1 2

A/C BO RESULTS
Mean Variance
1.206 «5418

APPROX 1.267 .6804
%Z error 5.0 25.6
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Repeating the same sequence for a different data set gives
the following results:

For the "single-level” hierarchy:

A/C
B
PART DATA
Part MU Stock QPHA
all 2 3 1

A/C BO RESULTS

Mean Variance
EXACT «4126 «6568
APPROX <4126 <6568
X error 0 0

For the "two-level” hierarchy:

A/C

B 5] [

PART DATA
Part MU Stock QPHA
all 2 3 1
137
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A/C BO RESULTS

Mean Variance
« 7439 1.290
«6875 1.093
-7.6 -15.3

EXACT
APPROX
X error

For the “"three-level™ hierarchy:

A/C

i St el }v"’—'j il

PART DATA
MU Stock

Part
all 2 3 1

QPHA

A/C BO RESULTS

Mean Variance
1.066 1.948
«9043 1.419
-15.2 -27.2

EXACT

APPROX
% error

138

s * " R P IRIT YA J YR S Yl i ‘_-'_-..'_ ‘.-'.-.‘n'__- OO
R S TRy e ..-\-. AOELCRES BN X NN



STRTRTLI AT N Ty T

For the "four-level” hierarchy:

\ Part MU Stock QPHA
.l all 2 3 1

{ PART DATA
¢

- A/C BO RESULTS

- Mean Variance
. EXACT 1.405 2.643
APPROX 1.091 1.685

- % error -22.3 -36.2
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Effect of the SA to HA Ratio

RRRGET X%k

For the following hierarchy with a SA/HA equal to two:
I!I!l

g i
g b

-~
'
«
PRI 33 ¥ VPPN PR TR WS Y T OV WY BT S T ._._;‘__._d

PR

PART DATA
Part MU Stock QPHA
all 1.5 2 2 J

A/C BO RESULTS

Mean Variance
EXACT <5809 «4235 L
APPROX <5896 4379
% error 1.5 3.4
A
For an SA/HA of three:
L
A/C

S
NN EDEL [ 0

1) W)

el RS LY P

PART DATA
Part MU Stock QPHA
all 1.5 2 2

ot

A/C BO RESULTS

Mean Variance
EXACT .8459 4510
APPROX .8728 «.4879
X error 3.2 8.2
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For an SA/HA of four:

A/C
;
CIEIMER] 9 B B2 3 £9 [ [ £7 [ (9 Bd

PART DATA
Part MU Stock QPHA
all 1.5 2 2

A/C BO RESULTS

Mean Variance
EXACT 1.053 <4226
APPROX 1.106 .4822
Z error 5.0 14.1
For an SA/HA of five:
A/C

i*i iﬁg@i@ B9

PART DATA
Part MU Stock QPHA
all 1.5 2 2

A/C BO RESULTS

Mean Variance
EXACT 1.210 .3912
APPROX 1.292 4693
Z error 6.8 20.0
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Repeating the same sequence with a different data set gives
the following results:

For the following hierarchy with a SA/HA equal to two:

A/C

¢

PART DATA
Part MU Stock QPHA
all 2 3 1

A/C BO RESULTS

Mean Variance
EXACT «7439 1.290
APPROX .6875 1.093
Z error -7.6 -15.3
For an SA/HA of three:
A/C

:

ofalolulololz

PART DATA
Part MU Stock QPHA
all 2 3 1

A/C BO RESULTS

Mean Variance
EXACT 1.208 1.783
APPROX 1.125 1.530
X2 error -6.9 -14,2
142
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For an SA/HA of four:

A/C BO RESULTS

- CACAAOCAN,

1
([DE1E1R £ b2 B2 (9 B3 09 [

PART DATA
Stock
3

QPHA

Mean Variance
1.654 2.036
1.562 1.794
-506 -llug
For an SA/HA of five:
A/C
4

g
LRI

9

"
PR -
v

k')) )‘.".'"'.

PART DATA
Stock

3

. BO RESULTS

n' l. l‘
Lo T N

LA
i A

YV AN XNXND

.
«

Mean
1.876
1.804

b H]E
!

QPHA

Variance

A
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Repeating the same sequence with a different data set gives
the following results:

e
".‘l

——

ﬁﬁj For the following hierarchy with a SA/HA equal to two:
A/C

-

N

RS

5

[+ ]
::\' PART DATA
i'i:,r Part MU  Stock  QPHA

0 all 1 0 1

byt d

N A/C BO RESULTS

xﬁ Mean Variance
"< EXACT 3.304 1.772

ror APPROX 3.397 2.222

Cu s % error 2.8 25.4
- For an SA/HA of three:

. AlC

\"

a3

.::‘_3 2:]

- dlujulilo
-:\-:

u“':',
N PART DATA

g Part MU Stock QPHA
0 all 1 0 1

\ 4
".n\
PN A/C BO RESULTS
4f: Mean Variance
v EXACT 4.037 1.579
hads APPROX 4.286  2.241

2 error 6.2 41.9
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‘J'\.
N
¢
.
¢
L.
R For an SA/HA of four:

A/C
>
4 ‘\_-
o) :z:] 3 4
: Gl [ B (2] B)

% [ 7 [ i &
o 01415161819
e,

el PART DATA

i Part MU Stock QPHA

" all 1 0 1

:.::2

s

o A/C BO RESULTS
}ii Mean Variance

EXACT 4.533 1.458

APPROX 4.924  2.228
)3? X error 8.6 52.8
b

e,

a0y

) For an SA/HA of five:

FINES

f.?-:-. A/C

.‘:J'

.ii 1 [i;’ [f] EEJ

= ; £4|R3 E1|E3 [P3E9 |4 |9
=33

= PART DATA

R Part MU Stock QPHA
. all 1 0 1
X

oL

N2 A/C BO RESULTS

.?r Mean Variance
e, EXACT 7.231 2.743
o APPROX 7.992 5.229

N Z error 10.5 90.6
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Repeating the same sequence with a different data set gives
the following results:

For the following hierarchy with a SA/HA equal to two:

A/C
i."-".'
o 1
o
s g} 5]
O
n PART DATA
) Part MU Stock QPHA
- all 1 3 1
f A/C BO RESULTS
A% Mean Variance
N EXACT .0579  ,0841
Yy APPROX .0540 .0763
‘. Zert‘ot -607 —9.3
w
-, For an SA/HA of three:
l
\.
A/C
\"::
[N Ez 3
"_.'

()
> [j_.ﬁ"’a@“@

. PART DATA
Part MU Stock QPHA
AN all 1 3 1
et
k‘, A/C BO RESULTS
) Mean Variance
X EXACT L0944 1366
. APPROX .0862 .1204 |
ff %2 error ~8.7 -11.9
%‘ |
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For an SA/HA of four:

A/C
1 ;

BB E B B

1 (9 (9 (9 [ 09 £ 09 69 B
PART DATA
Part MU Stock QPHA
all 1 3 1

A/C BO RESULTS

Mean Variance
EXACT «1354 «1940
APPROX .1219 «1678
Z error -10.0 -13.5
For an SA/HA of five:
A/C
1 2 3 4

o] ]l DEB D 9 @éﬂ il

u 12 17] {1 24 27
PART DATA
Part MU Stock QPHA
all 1 3 1

A/C BO RESULTS

Mean Variance
EXACT .0632 .0940
APPROX «0556 .0787
X error -12.0 -16.3
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Effect of Stock Level and QPHA
This hierarchy with all MUs equal to two was wused to gen-
erate the results in the following table:
;Z:l'. A/C
e
IR 2
o2
) 7 8 9 10 11 12 13 14
,.b-,‘.
<
oY
p)
.
!
. QPHA
&
x5 1 3
AR Stock
f{?f Level mean var. mean var. mean var.
APPROX 9.569 6.289 3.145 1.099 1.941 «4306
o 0  EXACT 9.119  4.131 | 2.946  .6146 | 1,848  .3105
:&: Z error| 4.9 52.2 6.8 78.8 5.0 38.7
Ny
i& APPROX 6.222 4,733 2.195 «8614 1.433 «3792
) 1 EXACT 6.122 4.122 2.071 «6156 1.353 2840
Z error| 1.6 14.8 6.0 40.0 5.9 33.5
o
'ii APPROX 3.061 3.234 1.248 «7075 .9184 «3542
i 2 EXACT 3.215 3.825 1.201 .6101 8900 «3027
":'.j z error '408 -15-5 3.9 1509 3‘2 1700
L,
- APPROX .9043 1.420 .4826 4271 «4061 «2860
< 3 EXACT 1.066 1.948 .4766 +4183 «3952 2772
o X2 error | -15.2 -27.1 1.3 2.1 2.8 3.2
\
g:% APPROX 2060 .3516 «1406 «1496 .1282 .1182
NS 4 EXACT «2465 4648 «1418 «1511 .1278 .1173
o X error | -16.4 =24.4 -.9 -1.0 3 . :
Y
ﬂ:ﬁ APPROX .0500 .0829 .0382 .0421 .0360 .0358
T 5 EXACT .0548 .0943 .0385 «0425 .0360 .0358
N % error | -8.7 -12.1 -.7 -.8 .06 .03
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;z This hierarchy with all MUs equal to 2.7 was used to gen-
iﬁ erate the results in the following table:
R
! .

s
N )

) ! @ (ﬁ i ? H
WA

G
2 QPHA

) 1 2 3

£ Stock
b Level mean var. mean var. mean var.
N
L1y

E& APPROX 7.185 5.137 3.193 .8176 2,191 .3253
'OX 0 EXACT 7.085 3.906 3.124 .6357 2.152 .2675
. Z error | 1.4 31.5 2.2 28.6 1.8 21.6
o APPROX | 5.420  3.872 | 2.551  .7039 | 1.795  .3507
jﬁ 1 EXACT 5.355 3.361 2.499 «5934 1.765 «3195
0 Z error | 1.2 15.2 2.1 18.6 1.7 9.8
N
_' APPROX 3.779 2.842 1.926 .6268 1.402 3076
A 2 EXACT 3.774 2.812 1.859 «5735 1.378 «2869
'ﬁ& Z error | .1 1.1 3.6 9.3 1.7 7.2
}: APPROX 2.333 2.168 1.328 «5633 1.052 .2678
N 3 EXACT 2.369 2.319 1.317 «5457 1.043 «2574
% error | -1.5 -6.5 .8 3.2 .9 4.0

)

{g APPROX 1.197 1.539 .7704 .5108 «6631 3191
fﬂ* 4 EXACT 1.231 1.650 .7700 .5088 .6602 .3172
\‘ ze!‘ror -2.8 -607 '1 04 04 56
na

.;‘

7

ﬂq

N
IOy

"

I.Q

5

I; 149

~
g

%

'

T o e e e e

S

F S e N T S A R AT AN e W A At A AL W WL N ™ T WENA T SIS AE AT RS T
AN N 2 A S A L, s 3 g v T O T A N Tl A T 0 I S (0 RN N N




\ Yy A ) Sl oA i ) PO A TIRCRZILD i et ' . w_a e e e e, e s T, e " . ‘_-D._-I._'I.."...':.rf T

D

-

X

A

Y This hierarchy with all MUs equal to 1.5 was used to gen-

¥ erate the results in the following table:

. A/C

: i 9 [ [

; ol

.

. QPHA

v 1 2 3

- Stock

A Level mean var. mean var. mean var.

;- APPROX 6.C31 4,038 2.453 «6057 1.666 «3209

: 0 EXACT 5.845 3.076 2.326 <4140 1.586 .2813

‘: z error 302 3103 5.5 46.3 500 1“01

- APPROX | 3.551  2.426 | 1.684  .4912 | 1.233  .2127
1 EXACT 3.533 2.342 1.615 <4109 1.183 .1694

Z error | .5 3.6 4.3 19.5 4.2 25.6

] APPROX 1.649 1.445 .9875 +4065 «8449 e2279

3 2 EXACT 1.711 1.625 «9720 <3873 .8340 «2192

s z error -306 -llnl 1.6 Soo 1-3 4.0

Y] APPROX «5554 «7102 <4024 <3110 «3735 <2482

& 3 EXACT .5860 .7811 .4016 .3102 .3711 .2470

- x error -502 -911 .2 03 06 05

W APPROX «1475 «2143 «.1169 «1157 <1117 .1014

' 4 EXACT «1525 «2243 1171 .1159 1116 .1013

. z error ’303 -10-5 ‘-2 --2 ol ol
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(Block 20 continued)

To accomplish this two Fortran computer programs were
developed, one to compute the expected number of not mission
capable aircraft using the accurate mathematical calculations,
the other to compute the same figure using the Poisson approx-
imation. These programs were used to evaluate the approxi-
mation caused error for different parts hierarchies and data
sets.

The analysis identified two distinct causes for the
error induced by the approximation. These sources of error
were confirmed by running test cases specifically tailored to
eliminate the error-causing characteristics and noting that
no approximation error resulted.

The approximation error was found to fluctuate in sign
and magnitude for different cases. Sensitivity analysis was
performed to identify the sensitive parameters.
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